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T h i s  r e p o r t  d e s c r i b e s  t h e  s t u d i e s  c a r r i e d  ou t  by t h e  Esso 
Research and Engineer ing  Company f o r  NASA under C o n t r a c t  NAS 1-9356. 
The work was conducted d u r i n g  t h e  p e r i o d  August I969 t o  November 1970. 
The a u t h o r s  wish t o  e x p r e s s  t h e i r  a p p r e c i a t i o n  t o  M r .  Rex Mar t in  
of t h e  NASA Langley Research Cente r  who a c t e d  a s  c o n t r a c t  monitor f o r  
t h i s  program. 
T h i s  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of a n  i n v e s t i g a t i o n  t o  
improve t h e  c y c l i c  p r o c e s s  of p h y s i c a l  a d s o r p t i o n  f o r  removing carbon 
d i o x i d e  and w a t e r  vapor  from a i r  u s i n g  m o l e c u l a r  s i e v e  and s i l i c a  g e l  
s o r b e n t s  . 
 e eat l e s s  Desorpt ion" ,  a  f r a c t i o n a t i o n  p r o c e s s  n o t  r e q u i r i n g  
t h e  a d d i t i o n  of h e a t  energy ,  was i n v e s t i g a t e d  t o  deve lop  system d e s i g n  
c r i t e r i a  a p p r o p r i a t e  f o r  manned s p a c e c r a f t  a p p l i c a t i o n .  
Pr imary emphasis was g iven  t o  e v a l u a t i n g :  (1) Low purge- to-  
f e e d  r a t i o s ,  low s p a c e  v e l o c i t y ,  and a  composite bed of two s o r b e r s  f o r  
w a t e r  vapor removal,  and (2) t h e  use  of purge gas  which would o t h e r w i s e  
be  ven ted  t o  vacuum t o  i n c r e a s e  t h e  r a t e  of vacuum d e s o r p t i o n  of C02. 
The use  of "Hea t less  Desorpt ion"  f o r  a i r  c o n d i t i o n i n g  i n  space  wi thou t  
a  r a d i a t o r  o r  r e f r i g e r a n t  was examined. P o t e n t i a l  a p p l i c a t i o n s  of 
" H e a t l e s s  Desorpt ion"  were s t u d i e d  i n c l u d i n g  a n  add-on w a t e r  s a v e  
sys tem f o r  t h e  p r imary  Skylab vacuum desorbed system.  
This  r e p o r t  desc r ibes  t h e  work conducted by t h e  Esso Research 
and Engineering Company f o r  NASA under Contract  NAS 1-9356. The pur- 
pose of t h i s  work was t o  cont inue  s t u d i e s  s t a r t e d  under a n  e a r l i e r  con- 
t r a c t ,  NAS 1-6918, t o  eva lua t e  t h e  a p p l i c a t i o n  of ~ s s o ' s  p r o p r i e t a r y  
Heat less Desorpt ion  process  ( a l s o  r e f  e r r ed  t o  a s  Heat l e s s  Adsorption) 
(CR- 66582) t o  carbon d ioxide  c o n t r o l  i n  manned s p a c e c r a f t .  
To d a t e ,  most i n v e s t i g a t i o n s  of molecular s i e v e  regenera t  i on  
have cen te red  on t h e  use of vacuum and/or  heat  deso rp t ion .  
Heat l e s s  Desorption is  a low power, r a p i d  cyc l ing ,  two-bed 
process  t h a t  can remove s e l e c t e d  components from gaseous s t reams.  The 
process  uses  a gas a t  reduced p re s su re  a s  a purge f o r  r e a c t i v a t i n g  t h e  
adsorbent .  The purge can b e  e i t h e r  a p o r t i o n  of t h e  product from t h e  
adsorb ing  bed, o r  a l t e r n a t e l y ,  a po r t ion  of t h e  depressure  gas .  The 
Heat less  Desorption method of sorbent  r egene ra t ion  is  ef  f ec , t i ve  f o r  
many a p p l i c a t i o n s  and it u s u a l l y  r e s u l t s  i n  savings i n  adsorbent  weight 
and power requirements .  
The s tudy  reviewed i n  t h i s  r e p o r t  was p r imar i ly  aimed a t  (1) 
d e f i n i n g  t h e  Heat less  Desorption process  performance f o r  more s p e c i f i c  
s p a c e c r a f t  a p p l i c a t i o n s  t h a n  was f e a s i b l e  prev ious ly ,  and (2) examining 
modi f ica t ions  of t h e  b a s i c  system mode of ope ra t ion .  
The f i r s t  phase of t h i s  s tudy  involved t h e  use of t h e  Heat- 
l e s s  Desorption process  f o r  dry ing  t h e  carbon d ioxide  contaminated a i r .  
Major emphasis i n  t h i s  p a r t  of t h e  s tudy was given t o  eva lua t ing  t h e  
e f f e c t  of lower purge t o  feed  r a t i o s  and space v e l o c i t i e s  t han  i n  t h e  
f i r s t  program. The use of a two zone, s i l i c a  gel-molecular s i e v e  
des i ccan t  bed was a l s o  inves t iga t ed .  
For t h e  drying s t u d i e s ,  purge t o  feed  r a t i o s  of 1.03 t o  1.10 
and  space v e l o c i t i e s  i n  t h e  range of 28 t o  48 ft .?/hr.-lb.  of bed were 
used compared t o  purge t o  f eed  r a t i o s  of 1.1 t o  1.2 and space v e l o c i t i e s  
of 93 and 156 C F H / ~ ~ .  bed used i n  our  e a r l i e r  NASA work. It was found 
t h a t  a f avo rab le  ope ra t ing  process  v a r i a b l e  t rade-of f  could be  made between 
space v e l o c i t y  and purge t o  feed  r a t i o s  t o  y i e l d  accep tab le  product 
water  concen t r a t ions .  Typica l ly ,  a space v e l o c i t y  of only 28 f t .3/ l b  . 
of bed and a purge-to-feed r a t i o  of 1.05 gave equiva len t  drying capac i ty  
t o  a space  v e l o c i t y  - of 156 f t  .3/hr.-lb.  of bed and a purge-to-feed 
r a t i o  of  1.21.  A parametr ic  drying equat ion ,  developed d u r i n i  
--- --- .- - -L--, --_ 
t h e  1966 program, was found t o  a c c u r a t e l y  p r e d i c t  t h e  p e r f o r m s c e  o r  
t h e  Heat l e s s  Desorption dry ing  u n i t  down t o  a purge-to-feed r a t i o  of 
1.05 and a space v e l o c i t y  of 28 f t  .3/hr .- l b  . of bed. 
' .  
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The use  of a t x ~ o  zone s i  l i c a  g e l ,  molecu la r  s i e v e  Red was 
found t o  reduce  t h e  s t e a d y  s t a t e  e f f l u e n t  w a t e r  c o n c e n t r a t i o n  below 
t h a t  produced by s i l i c a  g e l  a l o n e  f o r  comparable l e v e l s  of space  v e l o c i t y  
and purge t o  f e e d  r a t i o s .  Performance w a s  found t o  be dependent on t h e  
r e l a t i v e  amounts of molecular  s i e v e  and s i l i c a  g e l  used w i t h  a  c r i t i c a l  
s i e v e  t o  s i l i c a  g e l  r a t i o  r e q u i r e d  t o  o b t a i n  v e r y  d r y  a i r  (<50 ppm H20 
a t  low s p a c e  v e l o c i t i e s  28-48 f t  . 3 / l b .  of bed and  low purge t o  f e e d  
r a t i o s .  The performance of t h e  13X molecular  s i e v e - s i l i c a  g e l  two zone 
sys tem a p p e a r e d  t o  be s l i g h t l y  b e t t e r  t h a n  t h e  5A molecular  s i e v e  
s i l i c a  g e l  sys tem.  
The second phase of t h i s  program invo lved  a  s t u d y  of t h e  
P r e s s u r e  E q u a l i z a t i o n  Depressur ing  (PED) purge t e c h n i q u e ,  found t o  be  
t h e  p r e f e r r e d  purge t e c h n i q u e  i n  t h e  f i r s t  s t u d y ,  f o r  improving t h e  
C02 c a p a c i t y  and a i r  l o s s  c h a r a c t e r i s t i c s  on t h e  molecular  s i e v e  b e d s .  
I n  t h i s  s t u d y ,  a n  i n c r e a s e  i n  PED c y l i n d e r  volume, and t h e  
a d d i t i o n  of s i e v e  t o  t h e  PED c y l i n d e r  t o  i n c r e a s e  i t s  s t o r a g e  c a p a c i t y ,  
were examined a s  ways of improving system performance.  Hea t ing  t h e  
purge and  d e l a y i n g  i t s  use  were a l s o  i n v e s t i g a t e d  a s  ways of i n c r e a s i n g  
system performance.  
The use  of l a r g e r  PED c y l i n d e r s  was found t o  e f f e c t  a  modest 
i n c r e a s e  i n  sys tem C02 removal c a p a c i t y  w i t h o u t  i n c u r r i n g  any a p p r e c i a b l e  
a i r  l o s s .  I n c r e a s i n g  t h e  PED c y l i n d e r  volume by a  f a c t o r  of 3  r e s u l t s  
i n  a  15 t o  25% i n c r e a s e  i n  sys tem c a p a c i t y .  
No improvement i n  H e a t l e s s  Desorp t ion  C02 system c a p a c i t y  was 
observed th rough  t h e  use  of a  s o r b e n t  f i l l e d  PED c y l i n d e r ;  a i r  l o s s  
r a t e s  a p p e a r  t o  be s l i g h t l y  h i g h e r  u s i n g  t h i s  FED mode c o n f i g u r a t i o n .  
The most p r o b a b l e  e x p l a n a t i o n  f o r  t h e  f a i l u r e  of t h i s  concept t o  
improve ~ 0 2  c a p a c i t y  i s  a n  i n s u f f i c i e n t  PED d e s o r p t  i o n  vacuum p r e s s u r e  
r e s u l t i n g  f rom t h e  combined e f f e c t s  of PED s o r b e n t  o u t g a s s i n g  and p r e s s u r e  
d rop  t h r o u g h  t h e  d e s o r p t i o n  bed .  
The use  of a  PED h e a t e d  purge d i d  n o t  improve C02 sys tem per-  
formance.  T h i s  was p r i m a r i l y  a r e s u l t  of t h e  f a c t  t h a t  v e r y  l i t t l e  
e l e v a t i o n  i n  bed t empera tu re  took  p l a c e  d u r i n g  PED d e s o r p t i o n ;  i . e .  t h e  
mass of t h e  beds  were much g r e a t e r  t h a n  t h e  mass of t h e  gas  used d u r i n g  
t h e  c y c l e s .  
Delaying t h e  d i s c h a r g e  of t h e  PED purge improved system p e r -  
formance.  Delaying t h e  purge f o r  25% of t h e  112 c y c l e  t ime can r e s u l t  
i n  a s  much a s  a  35% r e d u c t i o n  i n  a i r  l o s s  r a t e  f o r  comparable sys tem 
c a p a c i t i e s .  
H e a t l e s s  Desorp t ion  602 sys tem performance us ing  l3X Molecular  
Sieve i s  s l i g h t l y  p o o r e r  t h a n  w i t h  t h e  5A S i e v e  
H e a t l e s s  Desorpt ion 602 removal  c a p a c i t y  i n c r e a s e s  i n  a nea r  
l i n e a r  manner w i t h  a n  i n c r e a s e  i n  C02 f e e d  p a r t i a l  p r e s s u r e .  i n c r e a s i n g  
t h e  p a r t i a l  p r e s s u r e  from 4 . 0  t o  6.8 mrn Hg r e s u l t e d  i n  abou t  a  3 f o l d  
i n c r e a s e  i n  sys tem c a p a c i t y  and abou t  a  4 f o l d  d e c r e a s e  i n  sys tem a i r  
l o s s  r a t e .  
The u s e  of a  H e a t l e s s  Desorp t ion  d r y i n g  sys tem f o r  a i r  con- 
d i t  i o n i n g ,  a s  w e l l  a s  C02 c o n t r o l ,  was reviewed f o r  a  s p a c e  s h u t t l e  
m i s s i o n .  I n  a d d i t i o n ,  t h e  u s e  of H e a t l e s s  Desorp t ion  f o r  p r o v i d i n g  
supplementa l  d r y i n g  f o r  Skylab was found t o  b e  a n  a t t r a c t i v e  a p p l i c a t i o n .  
I n  o r d e r  f o r  a crew t o  s u r v i v e  and f u n c t i o n  i n  space ,  t h e y  
must be  provided w i t h  a  s u i t a b l e  gaseous  environment ,  c o n t r o l l e d  w i t h  
r e s p e c t  t o  composi t ion,  t e m p e r a t u r e ,  and p r e s s u r e .  
Systems f o r  carbon d i o x i d e  c o n t r o l  i n  s p a c e c r a f t  have been 
proposed based on t h e  use  of b o t h  r e g e n e r a t i v e  and non- regenera t ive  
ca rbon  d i o x i d e  a d s o r b e n t s  . As miss ions  i n c r e a s e  i n  l e n g t h ,  r e g e n e r a t i v e  
carbon d i o x i d e  sys tems w i l l  be  needed t o  minimize t o t a l  sys tem w e i g h t .  
C u r r e n t l y  s y n t h e t i c  Molecular S i e v e s  a r e  t h e  p r e f e r r e d  
a d s o r b e n t s  f o r  u s e  i n  such sys tems .  These h i g h l y  porous ,  c r y s t a l l i n e ,  
a l u m i n o - s i l i c a t e  compounds have a  r e l a t i v e l y  h igh  c a p a c i t y  f o r  carbon 
d i o x i d e ,  even a t  low p a r t i a l  p r e s s u r e s  (1- 10 mm Hg a b s o l u t e )  . Molecular 
S i e v e s ,  however, have a  g r e a t e r  a f  f i n i t y  f o r  h i g h l y  p o l a r  compounds 
such a s  w a t e r  t h a n  t h a t  f o r  carbon d i o x i d e .  Consequently,  a  Molecular 
S i e v e  sys tem must i n c l u d e  p r o v i s i o n  f o r  p re -dry ing  t h e  g a s  b e f o r e  
carbon d i o x i d e  can be removed. T h i s  compl ica tes  t h e  sys tem somewhat, 
b u t  on t h e  o t h e r  hand,  p r o v i d e s  f l e x i b i l i t y  i n  a d a p t i n g  t h e  p r o c e s s  t o  
d i f f e r e n t  r equ i rements  of mate r ia  1 c o n s e r v a t i o n .  
A carbon d i o x i d e  c o n t r o l  sys tem cou ld  be  des igned f o r  t h r e e  
d i f f e r e n t  modes of o p e r a t i o n  a s  shown i n  Tab le  1. Labora to ry  demon- 
s t r a t i o n  systems have '  been designed and f a b r i c a t e d  and e v a l u a t e d  f o r  
t h e s e  o p e r a t i o n s .  I n  g e n e r a l ,  t h e s e  systems have used t h e r m a l l y  
r e g e n e r a t e d  s i l i c a  g e l  d e s i c c a n t  and vacuum o r  t h e r m a l l y  r e g e n e r a t e d  
molecular  s i e v e s .  S i l i c a  g e l  h a s  g e n e r a l l y  been t h e  p r e f e r r e d  d e s i c c a n t  
m a t e r i a l  s i n c e  it posseses  a  r e l a t i v e l y  h igh  c a p a c i t y  f o r  w a t e r  and 
y e t  i s  q u i t e  s e l e c t i v e ,  having a lmost  no a f f i n i t y  f o r  carbon d i o x i d e ,  
oxygen and n i t r o g e n .  
T a b l e  1 
H2_0 
R e j e c t  t o  space 
Typica  1 
Recover 
Recover 
C q2  
R e j e c t  t o  space  
Miss i o n  
Skylab A 
R e j e c t  t o  space Des i r a b  I-e f o r  later 
Sky l a b  m i s s  i o n s  
Recover Necessary  f o r  a large 
space  s t a t i o n  
In any r e g e n e r a t i v e  a d s o r p t i o n  p r o c e s s ,  t h e  t e c h n i q u e  used f o r  
r e g e n e r a t i o n  of t h e  a d s o r b e n t  m a t e r i a l  i s  a key f a c t o r  i n  e s t a b l i s h i n g  
t h e  o v e r a l l  e f f e c t i v e n e s s  of t h e  o p e r a t i o n .  R e a c t i v a t i o n  can b e  accom- 
p l i s h e d  i n  s e v e r a l  d i f f e r e n t  ways.  A few t e c h n i c u e s  a r e :  h e a t i n g  t h e  
s o r b e n t  t o  t e m p e r a t u r e s  a t  which i t s  e q u i l i b r i u m  c a p a c i t y  f o r  t h e  a d s o r b a t e  
i s  v e r y  low; reduc ing  sys tem p r e s s u r e ,  t h u s  d i s t u r b i n g  t h e  s o l i d - g a s  
phase  e i u i l i b r i u m  of  t h e  adsorbed  component; and u s i n g  a  d i s p l a c i n g  
a g e n t ,  a  compound more s t r o n g l y  adsorbed  t h a n  t h e  component t o  be  removed 
which r e p l a c e s  it on t h e  a d s o r p t i v e  s i t e s .  
Each of t h e s e  methods h a s  shor tcomings .  I f  was te  h e a t  i s  n o t  
a v a i l a b l e ,  therma 1 c y c l e s  may r e q u i r e  a  p r o h i b i t i v e  amount of e l e c t r i c  
power f o r  h e a t i n g .  T h i s  h e a t  i s  t h e n  l o s t  o r  r e q u i r e s  e l a b o r a t e  h e a t  
exchange e ~ u i p m e n t  f o r  p a r t i a l  r e c o v e r y .  Vacuum d e s o r p t i o n  c y c l e s  a r e  
u s u a l l y  d i f f u s i o n  r a t e  l i m i t e d  and s o  may r e q u i r e  l a r g e r  beds of 
a d s o r b e n t  t h a n  a r e  d e s i r a b l e .  Regenerat  i o n  employing a  purge  s t r e a m  
r e s u l t s  i n  a  r a p i d  d e s o r p t i o n  of t h e  contaminant  g a s .  The h e a t l e s s  
Desorp t ion  P r o c e s s  u t i l i z e s  such  a  r e g e n e r a t i o n  method. 
H e a t l e s s  Desorp t ion  i s  a  low power, r a p i d  c y c l i n g ,  two bed 
p r o c e s s  t h a t  can  remove s e l e c t e d  components from gaseous  s t reams*.  The 
p r o c e s s  u s e s  a  purge  g a s  a t  reduced p r e s s u r e  t o  r e a c t i v a t e  t h e  a d s o r b e n t  
i n  one bed ,  w h i l e  a  second bed i s  a d s o r b i n g  t h e  contaminant  a t  h i g h e r  
p r e s s u r e .  The purge  can b e  e i t h e r  a  p o r t i o n  of t h e  p roduc t  from t h e  
a d s o r b i n g  bed o r  a  p o r t i o n  of t h e  d e p r e s s u r i z a t i o n  g a s .  
I n  r e s e a r c h  completed f o r  NASA i n  1966 (Cont rac t  NAS 1-6918), 
t h e  Esso Resea rch  and Eng ineer ing  Company e v a l u a t e d  t h e  u s e  of t h e  
H e a t l e s s  Desorp t ion  p r o c e s s  f o r  t h e  removal of H20 and C02 from space-  
c r a f t  a i r .  
The r e s e a r c h  (NAS 1-9356) r e p o r t e d  h e r e i n  r e p r e s e n t s  a  
c o n t i n u a t i o n  of t h e  1966 program; it h a s  been p r i m a r i l y  aimed a t  
f u r t h e r  d e f i n i n g  t h e  H e a t l e s s  Desorp t ion  p r o c e s s  performance f o r  space-  
c r a f t  a p p l i c a t i o n  and t o  improve t h i s  performance th rough  m o d i f i c a t i o n  
of t h e  sys tem b a s i c  mode of o p e r a t i o n .  
The r e p o r t  f i r s t  d i s c u s s e s  t h e  fundamentals  of t h e  b a s i c  
H e a t l e s s  D e s o r p t i o n  p r o c e s s  i n  s e c t i o n  2 ,  i n c l u d i n g  a  d e s c r i p t i o n  of 
t h e  m o d i f i c a t i o n s  i n  t h e  sys tem t h a t  r educe  a i r  l o s s .  In s e c t i o n  3 ,  
t h e  d r y i n g  sub-sys tem development s t u d i e s  a r e  d i s c u s s e d .  The p r o c e s s  
pa ramete r s  t h a t  a f f e c t  d r y i n g  performance and t h e  e x p e r i m e n t a l  equip-  
ment f o r  t h e  d r y i n g  sub-sys tem s t u d i e s  a r e  d e s c r i b e d ;  a l s o ,  t h e  pe r -  
formance of t h e  sys tem u s i n g  low purge t o  f e e d  r a t i o s  and low space  
v e l o c i t y  p r o c e s s  c o n d i t i o n s  a r e  p r e s e n t e d .  Heat l e s s  Desorp t ion  d r y i n g  
performance u s i n g  two zone,  s i l i c a  g e l  molecu la r  s i e v e  d e s i c c a n t  beds  
i s  a l s o  d e s c r i b e d .  
" The Terms Meat less  Adsorption a n d  H e a t l e s s  Desorp t ion  a r e  synonomous 
However, t h e  l a t t e r  more a p t l y  d e s c r i b e s  t h e  p r o c e s s ,  
I n  s e c t i o n  4 ,  t h e  r e s u l t s  of t h e  CO2 rerrioval sub-sys tem studies 
a r e  p r e s e n t e d .  System ~ 0 2  remova l c a p a c i t y  and a i r  l o s s  r a t e  a r e  
e v a l u a t e d  u s i n g  d i f f e r e n t  o p e r a t i n g  p r o c e s s  c o n d i t i o n s  and m o d i f i c a t i o n s  
i n  t h e  mode of Pm purge  d e s o r p t i o n ,  F i n a l l y ,  t h e  a p p l i c a t i o n  of t h e  
H e a t l e s s  Desorp t ion  P r o c e s s  t o  Space S h u t t l e  and Skylab m i s s i o n s  a r e  
d i s c u s s e d  i n  s e c t i o n  5 .  
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2 ,  HEATLESS DESORPrfON FUNDAMENTALS 
The b a s i c  Heat less  Desorption p roces s ,  as  used i n  drying o p e r a t i o n s ,  
i s  a  c y c l i c ,  two, bed,  pressure-swing process  which u t i l i z e s  a  purge t o  a s s i s t  
desorp t ion .  F igure  1 shows a  t y p i c a l  Heat less  system i n  which two f i x e d  beds 
of s o l i d  adsorbent  m a t e r i a l  a r e  a l t e r n a t e l y  cyc led  between adsorp t ion  and 
desorp t ion ,  
Figure 1 
BASIC HEATLESS DESORPTION SYSTEM 
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Gas Flow 
No Gas Flow 
I n  the adso rp t ion  s t e p  (Bed 11, a feed s t ream i s  passed through t h e  adsorp- 
t i o n  zone where s p e c i f i c  components ( e . g , ,  Hz0 and C 0 2 )  a r e  adsorbed.  The 
e f f l u e n t  from t h i s  zone, f r e e  of these  components, i s  s p l i t  i n t o  two s t r eams ,  
One s t r eam i s  a v a i l a b l e  as product ac feed p re s su re ,  The o t h e r  s t ream i s  
t h r o t t l e d  t o  a  lower p re s su re  and used t o  purge the bed on deso rp t ion  (Bed 2 )  
Desorpt ion r e s u l t s  from the  reduct ion  i n  pressure  and the  sweeping a c t i o n  
of  the purge which leaves  more concent ra ted  wi th  r e s p e c t  t o  the  adsorba te  
than  i s  the  e n t e r i n g  f eed .  By us ing  two beds of adsorbent ,  t he  feed  and 
product  system can be opera ted  cont inuous ly  even though each bed ope ra t e s  
c y c l i c a l l y .  
Unlike  e x i s t i n g  a d s o r p t i o n  p r o c e s s e s  r e l y i n g  on l a r g e  c y c l i c  
a d s o r b e n t  c a p a c i t y  (and c o n s e q u e n t l y  r e l a t i v e l y  l a r g e  a d s o r b e n t  b e d s ) ,  
Heat l e s s  Desorp t ion  makes u s e  of a  sma 11 c y c l i c  a d s o r b e n t  c a p a c i t y  . 
T h i s  c a p a c i t y  is m u l t i p l i e d  s e v e r a  1 t i m e s ,  however, th rough  t h e  u s e  
of v e r y  s h o r t  c y c l e s .  Some commercial H e a t l e s s  Desorbers ,  f o r  example, 
undergo complete  c y c l e s  once e v e r y  minu te .  The c a p a c i t y  of a n  a d s o r p t i o n  
s y s t e m  is! 
System C a p a c i t y  - 
. - v  Be,d ,Ca,p,a, c i t y  
Uni t  Time X Cycle  Uni t  of Time 
It h a s  been e x p e r i m e n t a l l y  shown t h , a t  a l t h o u g h  a  sma, l ler  f r a c t i o n  of 
t h e  u l t i m a t e  c a , p a c i t y  o $  t h e  .desicca.nt  i s  u s e d  a s  t h e  c y c l i n g  r a t e  
c y c l i n g  r a t e .  Thus,  t h e s y , s t e m  c a p a c i t y ,  which i s  t h e  p r o d u c t  
of t h e  two, i n c r e a s e s .  T h i s  p e r m i t s  t h e  u t i l i z a t i o n  of s m a l l e r ,  l i g h t e r  
we igh t  beds  of a d s o r b e n t  t h a n  i s  p o s s i b l e  i n  o t h e r  c y c l i c  p r o c e s s e s .  
Rapid c y c l i n g  i s  made f e a s i b l e  by improving t h e  d e s o r p t i o n .  
T h i s  i s  a c h i e v e d  i n  two ways. F i r s t ,  w i t h  a  p r o p e r l y  s e l e c t e d  c y c l e  
t ime  , t h e  h e a t  g e n e r a t e d  d u r i n g  a d s o r p t i o n  i s  l a r g e l y  r e t a  i n e d  w i t h i n  
t h e  bed ,  and h e a t  i s  a v a i l a b l e  t o  a i d  i n  t h e  subsequent  r e g e n e r a t i o n  
s t e p .  Thus t h e  h e a t  of d e s o r p t i o n  does n o t  have t o  b e  e x t e r n a l l y  
s u p p l i e d  t o  t h e  b e d .  T h i s  e l i m i n a t e s  t h e  need f o r  h e a t  exchange 
equipment ,  embedded h e a t e r s ,  e t c  . I n  a d d i t i o n ,  t h e  t e m p e r a t u r e  of t h e  
a d s o r b e n t  d e v i a t e s  o n l y  s l i g h t l y  from a n  a v e r a g e  v a l u e ,  t h e  a d s o r b i n g  
bed i s  r e a d y  f o r  a d s o r p t i o n  a t  t h e  s t a r t  of t h e  c y c l e .  T h i s  e l i m i n a t e s  
t h e  p o s s i b i l i t y  of premature  b reak- th rough  of t h e  a d s o r b a t e  t h a t  can 
o c c u r  a t  t h e  s t a r t  of a  t h e r m a l l y  desorbed c y c l e  i f  t h e  bed h a s  no t  
been  s u f f i c i e n t l y  c o o l e d .  Second, t h e  u s e  of a  purge  g a s  p r o v i d e s  a  
c o n v e c t i v e  a c t i o n  which removes t h e  desorbed components from t h e  
a d s o r b e n t  much more r a p i d l y  t h a n  w i t h  p r e s s u r e  swing r e g e n e r a t  i o n  which 
depends  p a r t l y  on t h e  r e l a t i v e l y  slow g a s  d i f f u s i o n  mechanism. 
The o n l y  s p e c i f i c  r equ i rement  on t h e  purge f low f o r  a  ba lanced  
H e a t l e s s  Desorp t ion  c y c l e  i s  t h a t  t h e  volume f low i n  d e s o r p t i o n  b e  
s l i g h t l y  g r e a t e r  t h a n  t h e  volume f low of f e e d .  (The r e a s o n s  f o r  t h i s  
a r e  d e t a i l e d  i n  Appendix 7.1) . Even i f  a c h i e v a b l e ,  a  purge  t o  f e e d  
r a t i o  of 1: 1 would no t  b e  d e s i r a b l e  s i n c e  it r e p r e s e n t s  a  t h e o r e t i c a l  
l i m i t  which would r e q u i r e  i n f i n i t e l y  l a r g e  b e d s .  On t h e  o t h e r  hand,  
t h e  u s e  of l a r g e  purge  t o  f e e d  r a t i o s  may a l s o  be  u n d e s i r a b l e  s i n c e  i t  
r e q u i r e s  a  l a r g e  p r e s s u r e  d i f f e r e n t i a l  between a d s o r b i n g  and desorb ing  
beds  and hence l a r g e r  power r e q u i r e m e n t s .  I n  a c t u a l  p r a c t i c e ,  a  t r a d e -  
o f f  i s  p o s s i b l e  between purge  t o  f e e d  r a t i o  and t h e  s i z e  of t h e  
a d s o r p t i o n  b e d s .  F o r  most space  m i s s i o n s ,  i t  i s  p robab ly  b e t t e r  t o  
d e s i g n  f o r  minimum power (minimum purge t o  f e e d  r a t i o )  c o n d i t i o n s .  
2.2 Purge Aided Vacuum Desorption 
For  GO2 Removal 
I n  t h e  Heat less  Desorption method, product l o s s  may occur i n  
two ways: One i s  a s  purge i f  t h e  adsorba te  i s  t o  b e  c o l l e c t e d ;  t h e  
o t h e r  occurs  when depressur ing  t h e  bed between t h e  adso rp t ion  and 
deso rp t ion  s t e p s .  This  depressure  l o s s  r e s u l t s  from gas t rapped 
i n  t h e  void spaces of t h e  bed and from gas (02 and N2 f o r  example) 
which is adsorbed t o  some ex ten t  on t h e  molecular s i e v e .  These lo s ses  
can be  reduced by t h e  use of two modi f ica t ions  i n  t h e  b a s i c  mode of 
ope ra t ion  - Bed P res su re  Equa l i za t ion  (BPE) and P res su re  Equal iza t ion  
Depres su r i za t ion  (PED) . 
Depressure l o s s  can be reduced by equa l i z ing  t h e  p re s su re  
between t h e  adso rp t ion  and desorp t ion  beds a s  shown i n  F igu re  2 .  A t  
t h e  end of an  adso rp t ion  cyc le  (S tep  1, Figure  2 ) ,  t h e  adsorbing bed a t  
t h e  h ighe r  p re s su re  i s  connected t o  t h e  desorbing bed a t  t h e  lower 
p r e s s u r e  (Step 2,  F i g u r e  2) . A f t e r  t h e  pressures  have e q u i l i b r a t e d ,  
t h e  beds a r e  cycled s o  t h a t  t h e  func t ions  of each a r e  reversed  (Step 3,  
Figure  2 ) .  Thus, when t h e  bed p rev ious ly  on adso rp t ion  is f i n a l l y  
depressured ,  t h e  amount of gas  l o s t  i s  reduced by t h e  amount t r ans -  
f e r r e d  dur ing  t h e  e q u a l i z a t i o n  s t e p .  Meanwhile, t h e  desorbed bed i s  
p a r t i a l l y  repressured  i n  p repa ra t ion  f o r  t h e  next  adso rp t ion  cyc le .  
The purge l o s s  can be s i g n i f i c a n t l y  reduced us ing  a  technique 
termed P res su re  Equa l i za t ion  Depressuring (PED). This  c o n s i s t s  of us ing  
----- 
a p o r t i o n  e f -  t h e  bed void gas -- (less than  ha l f - 'o f  wh ich - i s  l o s t  even w i t h  
p r e s s u r e  e q u a l i z a t i o n ~ t ~  aravide fBere&ed purge. The ~ r o c e s s L s  hown 0 
schemat i ca l ly  i n  F igure  2 .  A f t e r  bed p re s su re  e q u a l i z a t i o n  has been 
completed, some gas s t i l l  remains i n  t h e  void volume of t h e  bed. Rather  
t h a n  depressur ing  t h i s  bed d i r e c t l y  t o  space,  it is  f i r s t  depressur ized  
i n t o  a n  evacuated cy l inde r  u n t i l  t h e  pressures  i n  t h e  bed and cy l inde r  
have e q u i l i b r a t e d  (Step 3,  Figure  2 ) .  The bed is  then  completely 
depressur ized  t o  i t s  f i n a l  desorp t ion  p re s su re ,  and t h e  gas i n  t h e  
c y l i n d e r  is  then  used a t  a  c o n t r o l l e d  r a t e  t o  purge desorb t h e  bed 
f u r t h e r .  (Step 4,  F i g u r e 2 ) .  By c o n t r o l l i n g  t h e  r a t e  a t  which t h e  
PED cy l inde r  empties ( i . e . ,  w i t h  a  pre-se t  t h r o t t l e  va lve .  The purge 
can  be  used throughout a l l  of t h e  desorp t ion  cyc le .  By t h e  end of t h e  
cyc l e ,  t h e  c y l i n d e r  has been evacuated and is once a g a i n  ready t o  r e c e i v e  
depressure  gas from t h e  o t h e r  bed. 
The b e n e f i t  of PED i f  t h e  adso rba t e  i s  not t o  be  c o l l e c t e d  
i s  t h a t  it provides a  purge s t ream a t  no a d d i t i o n a l  expense of product .  
I n  t u r n ,  t h e  use  of purge provides f o r  more e f f e c t i v e  desorp t ion  and, 
hence, permits  t h e  use of sma l l e r  adsorbent  beds w i t h  correspondingly 
s m a l l e r  depressure  l o s s e s .  On the  o t h e r  hand, t h e  depressure cy l inde r  
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adds a  f i x e d  amount of weight t o  t h e  system, and t h e  cyc le  becomes more 
complex. The s i z e  of t h e  cy l inde r  i s  p ropor t iona l  t o  t he  amount of 
purge d e s i r e d .  Thus, i n  a  spacec ra f t  system, f o r  example, where o v e r a l l  
weight i s  a n  important cons ide ra t ion ,  t h e  reduct ion  i n  t h e  weight of 
t h e  adsorbing beds and t h e  decrease i n  product ( a i r )  l o s s  der ived  
from p res su re  e q u a l i z a t i o n  dep res su r i za t ion  must be compared wi th  t h e  
inc rease  due t o  t h e  added depressure  cy l inde r .  For  long d u r a t i o n  
missions,  t h e  a i r  l o s s  r a t e  becomes c o n t r o l l i n g  and t h e  added weight 
a s s o c i a t e d  w i t h  PED may be accep tab le .  For  s h o r t e r  missions,  however, 
t h i s  may not be s o .  
Although t h e   eatl less Desorption technique has a l r e a d y  been 
u t i l i z e d  i n  s e v e r a l  commercial s e p a r a t i o n  processes ,  i t s  p o s s i b l e  
a p p l i c a t i o n  t o  t h e  removal of contaminants (such a s  carbon dioxide)  
from s p a c e c r a f t  atmospheres has  only r e c e n t l y  been inves t iga t ed  i n  
NAS 1-6918 and t h e  p re sen t  c o n t r a c t .  A schematic r e p r e s e n t a t i o n  of t he  
s y s K w h i c h  w a s s t u d i e d  under t h e s e  c o n t r a c t s  i s  shown i n  F igure  3. 
- 
-- 
-tern was designed f o r  use  i n  t h a t  p a r t i c u l a r  mode --. . o f  opera t ion  
i n  which carbon d iox ide  is removed and r e j e c t e  
i s  conserved and r e tu rned  - -- t o  
The process  i t s e l f  c o n s i s t s  of withdrawing cabin  a i r  down 
s t ream of a  temperature-humidity c o n t r o l  system. Such a  system i s  
needed t o  maintain a  h a b i t a b l e  environment i n  t h e  s p a c e c r a f t  , and 
provides  a  process  gas r e l a t i v e l y  low i n  pH20 f o r  use  i n  t h e  C02 con- 
t r o l  system. Process  a i r  from t h e  dehumidif ier  e n t e r s  t h e  adsorbing 
des i ccan t  bed a t  a  dew po in t  of from 40 t o  50°F and wi th  a  C02 p a r t i a l  
p re s su re  depending on h a b i t a b i l i t y  c r i t e r i a .  The "dry" product from 
t h e  des i ccan t  bed e n t e r s  t h e  adsorbing molecular s i e v e  bed where carbon 
d ioxide  is s e l e c t i v e l y  removed. I f  a  p o r t i o n  of t h e  ~ 0 2 -  l ean  e f f l u e n t  
i s  t o  be used a s  purge f o r  r egene ra t ing  t h e  desorbing molecular s i e v e  
bed, it is removed a s  a  s i d e  s t ream. The desorba te ,  r i c h  i n  C02, i s  
r e j e c t e d  t o  space vacuum. The remainder of t h e  C02-lean gas i s  t h r o t t l e d  
t o  a  lower p re s su re  and used a s  a  purge f o r  t h e  des iccant  before  i t  i s  
r e tu rned  t o  t h e  spacec ra f t  cab in .  I n  t h i s  way, none of t h e  moisture 
removed dur ing  t h e  drying s t e p  is  l o s t .  A t h r o t t l e  va lve  in su res  t h a t  
t h e  d e s i r e d  volumetr ic  purge t o  feed  r a t i o  i s  maintained i n  t h e  d rye r .  
F i g u r e  3 shows t h e  system us ing  t h e  Pressure  Equal iza t ion  Depressuring - --- 
t echnique  f o r  purging t h e  desorbing C02 bed. This  - system - - -- was - emn41gyed 
e x c l u s i v e l y  i n  t h e  s t u d i e s  covered i n  t h i s  r e p o r t  (NAS 1-9356). 
The processes  ou t l i ned  above incorpora te  Heat less  Desorption 
techniques  i n t o  both p a r t s  of t h e  C02 c o n t r o l  system. I n  t h e  d r y e r ,  
t o t a l  product  ( a f t e r  removal of C02) i s  used a s  a  purge t o  a i d  t h e  
deso rp t ion  of t h e  d e s s i c a n t .  Cycle t imes a s  s h o r t  a s  30 t o  60 seconds 
a r e  employed t o  minimize bed temperature r i s e .  The hea t  of adsorp t ion/  
deso rp t ion  d i c t a t e s  t h e  cyc l e  t ime.  In  t h e  C02 removal p a r t  of t h e  
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sys tem,  longer  c y c l e  t i m e s  ( e  . g . ,  10 minutes)  a r e  d e s i r a b l e  t o  l i m i t  
a i r  l o s s  th rough  t o o  f r e q u e n t  d e p r e s s u r i n g s .  A l t e r n a t e  modes of 
c o u p l i n g  h e a t l e s s  d r y i n g  and GO2 removal systems a r e  d i s c u s s e d  i n  
S e c t i o n  5 of this r e p o r t .  
F o r  t h e  p r o c e s s  shown i n  F i g u r e  3 
requ i rements  would be  f o r  t h e  f a n  r e q u i r e d  
d rop  through t h e  sys tem.  There  would be no need t o  use  e l e c t r i c  power 
t o  h e a t  t h e  beds o r  t o  c i r c u l a t e  h e a t i n g  f l u i d  f o r  r e g e n e r a t i n g  t h e  
d e s i c c a n t .  I n t e r s t a g e  c o o l i n g  between t h e  s i l i c a  g e l  and molecu la r  
s i e v e  beds would remain a t  t h e  same average  l e v e l  d u r i n g  b o t h  t h e  
a d s o r p t i o n  and d e s o r p t i o n  h a l v e s  of a  c y c l e .  
The use  of t h e  d e s c r i b e d  four-bed system p e r m i t t e d  a  l o g i c a l  
s e p a r a t i o n  of t h e  e x p e r i m e n t a l  program i n t o  two phases  s i n c e  t h e  d ry ing  
a n d  C02 remova 1 p r o c e s s e s  o p e r a t e  e s s e n t i a l l y  independen t ly  of one 
a n o t h e r .  The f i r s t  phase of t h e  program c o n s i s t e d  of f u r t h e r  e v a l u a t i n g  
H e a t l e s s  Desorp t ion  t echnology  f o r  d e s i c c a n t  r e g e n e r a t i o n .  S p e c i f i c a l l y ,  
two g e n e r a l  a r e a s  were s t u d i e d  - 1) t h e  performance of t h e  s i l i c a  g e l  
sys tem u s i n g  v e r y  low purge t o  feed  r a t i o s  and low space  v e l o c i t y  
c o n d i t i o n s  and 2)  t h e  performance of t h e  dua 1 zone s i l i c a  ge l -molecu la r  
s i e v e  d e s i c c a n t  bed system.  The H e a t l e s s  Desorp t ion  d r y i n g  sub-system 
s t u d i e s  a r e  d i s c u s s e d  i n  t h e  nex t  s e c t i o n  of t h i s  r e p o r t .  
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I n  t h i s  s e c t i o n  t h e  r e s u l t s  of t h e  i n v e s t i g a t i o n  of t h e  
d ry ing  sub-system d e s i g n  paramete rs  a r e  d i s c u s s e d ,  and t h e  exper imenta l  
equipment employed i n  t h e s e  s t u d i e s  i s  d e s c r i b e d .  Low purge t o  f e e d  
r a t i o s ,  low space  v e l o c i t y  c o n d i t i o n s  ,and bed performance w i t h  two 
s o r b e r s  were examined. 
I n  t h e  f i r s t  s t u d y  conducted i n  1966 ( C o n t r a c t  NAS 1-6918) a n  
e q u a t i o n  ( r e s p o n s e  s u r f a c e )  was developed e x p r e s s i n g  t h e  H e a t l e s s  
Desorp t ion  d e s i c c a n t  c a p a b i l i t y  a s  a  f u n c t i o n  of purge t o  f e e d  r a t i o ,  
s p a c e  v e l o c i t y  and bed l e n g t h .  Using a  s t a t i s t i c a l l y  des igned s e t  of 
exper iments ,  t h e s e  v a r i a b l e s  were found t o  be  t h e  most important  i n  
de te rmin ing  system performance . Other  v a r i a b l e s  such a s  c y c l e  t ime  
and  a d s o r p t i o n  t empera tu re  were found t o  have l e s s  e f f e c t .  
I n  c o n s i d e r i n g  e a c h  of t h e  important  p r o c e s s  v a r i a b l e s ,  i t  i s  
a p p a r e n t  t h a t  t h e  l e v e l  which i s  most b e n e f i c i a l  ( i . e .  t h e  d ryness  of 
t h e  p r o d u c t  a i r )  would no t  n e c e s s a r i l y  be optimum from a  weight  a n d / o r  
power s t a n d p o i n t .  
I n  p r a c t i c e ,  a  compromise, o r  t r a d e - o f f  must be made among 
t h e  p r o c e s s  v a r i a b l e s  a f f e c t i n g  t h e  d ryness  of t h e  e f f l u e n t  a i r .  The 
n a t u r e  of t h i s  t r a d e - o f f  would depend on t h e  t y p e  of m i s s i o n  r e q u i r e d ,  
i . e .  whether  it would be b e t t e r  t o  d e s i g n  f o r  minimum power consumption 
(minimum purge  t o  f e e d  r a t i o )  o r  minimum w e i g h t .  I n  genera  1, a s  
m i s s i o n  d u r a t i o n  i n c r e a s e s ,  i t  i s  d e s i r a b l e  t o  d e s i g n  f o r  minimum power 
The d r y i n g  sys tem s t u d i e s ,  conducted i n  t h e  p r e s e n t  c o n t r a c t ,  
were p r i m a r i l y  aimed a t  d e f i n i n g  performance a t  low purge t o  f e e d ,  and 
low s p a c e  v e l o c i t y  c o n d i t i o n s .  
Experimenta 1 work was c a r r i e d  ou t  u s i n g  t h e  equipment s e t u p  
shown s c h e m a t i c a l l y  i n  F i g u r e  4 .  A l l  gas l i n e s  were of 3/8" s t a i n l e s s  
s t e e l  t u b i n g  connected by 3/8"  swagelok f i t t i n g s .  Gaseous f e e d  t o  
t h e  sys tem was i n d i c a t e d  by two r o t a m e t e r s  th rough  which a i r  and C02 
were passed  i n d e p e n d e n t l y .  The a i r  s t r e a m  was p r e - d r i e d  t o  dew p o i n t s  
below -90°F w i t h  a  commercia 1 H e a t l e s s  Dryer ( G i l b a r c o  Model HF-200) 
and t h e  C02 was d r i e d  by p a s s i n g  i t  through a  24 inch  long s i l i c a  g e l  
bed .  The r e q u i r e d  f e e d  dew p o i n t  (43-45°F) was o b t a i n e d  by bubbl ing 
t h e  d r y  a i r  s t r e a m  through w a t e r  i n  a  4" d i a .  x 18" g l a s s  s a t u r a t o r  
v e s s e l  main ta ined  a t  20 p s i g  and 74°F 2 2°F T h i s  "wet" a i r  t h e n  
e n t e r e d  a  l i q u i d  t r a p  s i m i l a r  i n  c o n s t r u c t i o n  t o  t h e  s a t u r a t o r  i n  o r d e r  
t o  p reven t  e n t r a i n e d  l i q u i d  w a t e r  from e n t e r i n g  t h e  d e s i c c a n t  b e d s ,  
T h e  back  p r e s s u r e  on t h e  two s e p a r a t e  gas  s t reams  ( i , e , ,  s a t u r a t e d  a i r  
and d r y  C02)  was mainta ined a t  20 p s i g  by two back p r e s s u r e  r e g u l a t o r s .  
A t  t h e  o u t l e t  of t h e  r e g u l a t o r s ,  t h e  s t r e a m s  were blended and passed 
th rough  a  c o i l  which cou ld  be cooled by a n  a i r  c o n d i t i o n i n g  u n i t .  
The d e s i c c a n t  c o n t a i n e r s  were c o n s t r u c t e d  of 1-1/2" I . D .  g l a s s  
t u b e s  which could  be  o b t a i n e d  i n  v a r i o u s  s t a n d a r d  l e n g t h s .  T h i s  pe r -  
m i t t e d  v i s u a l  moni to r ing  of t h e  c o n d i t i o n s  of t h e  d e s i c c a n t ,  A more 
d e t a i l e d  p i c t u r e  of t h e  b e d - c o n s t r u c t i o n  i s  shown i n  F i g u r e  5 .  The 
beds  were packed w i t h  s i l i c a  g e l  h e l d  i n  p l a c e  by f i n e  w i r e  gauze a t  
e i t h e r  end t o  p r o v i d e  a  s u p p o r t  f o r  t h e  d e s i c c a n t  and t o  p r e v e n t  
p a r t i c l e  l o s s  d u r i n g  t h e  p r e s s u r e  swings .  The remaining unused space 
a t  b o t h  ends of t h e  beds was f i l l e d  w i t h  s t a i n l e s s  s t e e l  mesh. I n  
a d d i t i o n  t o  a c t i n g  a s  a  low p r e s s u r e - d r o p  f i l l e r ,  t h i s  mesh s e r v e d  t o  
d i s t r i b u t e  t h e  feed  and purge s t r e a m s  un i fo rmly  over  t h e  e n t i r e  bed 
c r o s s -  s e c t i o n .  
System vacuum was p rov ided  by a  Welch Model 405 "Duo-Seal" 
vacuum pump r a t e d  a t  1.75 CFM. A c a r t e s i a n  manostat  (Manostat  
C o r p o r a t i o n ,  S t y l e  No. 8)  was used t o  c o n t r o l  d e s o r p t i o n  p r e s s u r e s .  
Bourdon s p r i n g  vacuum gauges (0-30 i n  Hg vac) were used f o r  p r e s s u r e  
measurements w i t h  a  r a t e d  p r e c i s i o n  of 4- 0.25 i n  Hg (abs )  . A manually 
r e g u l a t e d  need le  v a l v e  p rov ided  t h e  a d j u s t a b l e  p r e s s u r e  drop between 
t h e  a d s o r b i n g  and d e s o r b i n g  beds needed t o  s e t  t h e  purge t o  f e e d  r a t i o .  
The d r y  p r o d u c t  from t h e  a d s o r b i n g  bed was s p l i t  i n t o  two 
s t r e a m s .  The l a r g e r  s t ream,  c o n s t i t u t i n g  about  80-90% of t h e  t o t a l ,  
was used a s  purge f o r  t h e  bed be ing  r e g e n e r a t e d .  The remaining f r a c t i o n  
of t h e  d r y  p roduc t  was sampled under vacuum by a  diaphram pump (Neptune 
Dyna Pump-4k) and a n a l y z e d  f o r  m o i s t u r e  c o n t e n t  ( i n s t r u m e n t ) .  
The p r i n c i p a l  ins t rument  used i n  de te rmin ing  t h e  m o i s t u r e  
c o n t e n t  of t h e  d r i e d  g a s  s t ream was t h e  Cambridge Model 992 I n d u s t r i a l  
Dew P o i n t  Hygrometer. T h i s  ins t rument  has  t h e  c a p a b i l i t y  of measuring 
p r o c e s s  g a s  dew p o i n t s  t o  -lOO°F. It u t i l i z e s  a  unique o p t i c a l  
d e t e c t i o n  and t empera tu re  c o n t r o l  sys tem whereby a n  i n s u l a t e d  m i r r o r  
s u r f a c e  (which is bonded t o  a  thermocouple) is  c h i l l e d  by a  thermo- 
e l e c t r i c  c o o l e r .  A s  t h e  condensa te  forms on t h e  m i r r o r ,  t h e  o p t i c a l  
s e n s i n g  b r i d g e  d e t e c t s  t h e  change i n  l i g h t  l e v e l  t h a t  o c c u r s  when dew 
o r  f r o s t  forms on t h e  m i r r o r  and develops  a  p r o p o r t i o n a l  c o n t r o l  s i g n a l  
t o  t h e  power s u p p l y .  T h i s  p r o p o r t i o n a l  d i r e c t  c u r r e n t  t o  t h e  thermo- 
e l e c t r i c  c o o l e r  p e r m i t s  t h e  m i r r o r  t o  c o n t i n u o u s l y  t r a c k  t h e  dew p o i n t  
and d e t e c t  changes l e s s  t h a n  . l ° F .  A c t u a l  dew p o i n t  t empera tu re  i s  
measured by a  t h e r m i s t o r  i n  t h e  m i r r o r  assembly.  
t I gure 4 
EXPERIMENTAL SET-UP 1 
AS shown, 
Bed 1 i s  on adsorption 
and Bed 2 i s  on purge 
desorption. 
Symbols: 
-@-@ = Open, closed solenoid valves 
NV = Needle Valve 
BPR = Back pressure regulator 
VG = Vacuum Gauge 
GB = Glass wallbeds, 1-1/2 ID 
MVC = Manostat for vacuum control 
R = Rotameter 
G-H20 = Cambridge Model 9 9 2  Hygrometer 
DC = Diaphram Compressor 
WTM = Wet test meter 
AC = Air  conditioner 
T = Temperature point 
--- - 
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The exper iments  r e q u i r e d  moni to r ing  t h e  w a t e r  c o n c e n t r a t i o n  
i n  t h e  d r i e d  e f f l u e n t  u n t i l  a  s t e a d y  s t a t e  c o n d i t i o n  had been a c h i e v e d .  
T h i s  s t e a d y  s t a t e  l e v e l  t h e n  r e p r e s e n t e d  t h e  sys tem response  t o  t h e  
p a r t F e u l a r  combinat ion of v a r i a b l e s  used .  
The u n i t  was des igned t o  o p e r a t e  c o n t i n u o u s l y  once t h e  p r o c e s s  
v a r i a b l e s  had been s e t .  F o r  each r u n  t h i s  involved s e t t i n g  t h e  CO2 and 
a i r  f low r a t e s ,  a d j u s t i n g  t h e  a u t o m a t i c  t i m e r  which a c t i v a t e d  t h e  c y c l i n g  
v a l v e s ,  a d j u s t i n g  t h e  purge t o  feed  r a t i o  by s e t t i n g  t h e  p r e s s u r e s  on 
t h e  two b e d s .  
Although t h e  d r y i n g  u n i t  r a n  c o n t i n u o u s l y  around t h e  c l o c k ,  
i t s  o p e r a t i o n  was a t t e n d e d  o n l y  d u r i n g  normal work day hours  ( l e s s  
t h a n  113 t o t a l  o p e r a t i n g  t ime)  and t h i s  invo lved  o n l y  p e r i o d i c  a d j u s t -  
ments i n  f low r a t e s  and bed p r e s s u r e s .  I n  g e n e r a l ,  overn igh t  v a r i a t i o n s  
f o r  t h e  former  were l e s s  t h a n  10% w h i l e  t h e  l a t t e r  v a r i e d  by no more 
t h a n  + 0 . 5  i n  Hg . During t h e  day,  h o u r l y  r e a d i n g s  were t a k e n  of 
e f f l u e n t  w a t e r  c o n c e n t r a t  i o n ,  i n l e t  and out  l e t  bed p r e s s u r e s ,  i n l e t  
g a s  t e m p e r a t u r e ,  s a t u r a t o r  t empera tu re ,  and ambient  t e m p e r a t u r e .  I n  
a d d i t i o n ,  t h e  m o i s t u r e  c o n t e n t  of t h e  f e e d  gas  was monitored p e r i o d i c a l l y  . 
T h i s  was done t o  p r o v i d e  a  check on t h e  o p e r a t i o n  of t h e  s a t u r a t o r  
sys tem.  
P e r i o d i c  shut-down of t h e  u n i t  became n e c e s s a r y  a s  a  r e s u l t  
of sys tem l e a k s ,  va l v e  f a i l u r e s  , and r e q u i r e d  mechanica 1 changes ( e  . g  . , 
r e p l a c i n g  b e d s ) .  A c t u a l  t ime  spen t  i n  d iagnos ing  problems and sub- 
s e q u e n t l y  e l i m i n a t i n g  them was l e s s  t h a n  10% of t h e  t o t a l  a v a i l a b l e  
exper imenta  1 t ime . 
F i g u r e  6  shows t h e  t y p i c a l  r esponse  (p roduc t  a i r  w a t e r  c o n t e n t  
vs  . c y c l e  t ime)  t h a t  was o b t a i n e d  i n  t h e  d r y i n g  exper iments .  Each 
complete  d r y i n g  exper iment  took  anywhere from one t o  4 weeks t o  com- 
p l e t e ,  and a n  a d d i t i o n a l  day o r  two t o  d r y  t h e  d e s i c c a n t  between r u n s .  
As used i n  t h i s  r e p o r t ,  p a r t s  p e r  m i l l i o n  o r  ppm f o r  s h o r t ,  i s  d e f i n e d  
a s  (PH? /P atm) * l o 6 ,  where i s  t h e  p a r t i a l  p r e s s u r e  of H20 i n  t h e  
g a s  a n  P  atm i s  a tmospher ic  p r e s s u r e .  Reference t o  Appendix 7.2 
w i l l  show t h a t  t h i s  i s  t h e  most convenient  way of r e p r e s e n t i n g  t h e  
r e s u l t s .  
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The s h a p e  o f  t h e  d r y i n g  response curve  i s  c h a r a c t e r i s t i c  of a  H e a t l e s s  
Drying p r o c e s s .  S i n c e  t h e  c y c l e s  a r e  s h o r t ,  change between a l t e r n a t e  c y c l e s  a r e  
s m a l l .  A s  c y c l i n g  p r o c e e d s ,  t h e  m o s i t u r e  c o n t e n t  o f  t h e  p roduc t  i n c r e a s e s  from 
i t s  i n i t i a l  l e v e l  ( P o i n t  A) t o  some f i n a l  o r  s t e a d y  s t a t e  l e v e l  ( P o i n t  C) 
determined by t h e  o p e r a t i n g  c o n d i t i o n  of t h a t  run.  Th is  s t e a d y  s t a t e  s i t u a t i o n  
is  reached  when t h e  mass t r a n s f e r  zone i n  t h e  bed i s  s u f f i c i e n t l y  developed 
t o  s a t u r a t e  t h e  purge t o  t h a t  l e v e l  r e q u i r e d  f o r  removing an  amount of w a t e r  
e q u a l  t o  t h a t  brought  i n t o  t h e  bed  d u r i n g  a d s o r p t i o n .  I n  t h o s e  c y c l e s  b e f o r e  
t h e  s t e a d y  s t a t e  i s  reached  ( P o i n t  B t o  P o i n t  C) , t h e  mass t r a n s f e r  zone i n  t h e  
bed i s  c o n t i n u a l l y  i n c r e a s i n g  s i n c e  t h e  amount o f  w a t e r  desorbed i s  less than 
t h e  amount adsorbed,  
I n  t h e  previous c o n t r a c t  ( ~ ~ n t r a c t  NAS 1-6918), drying s t u d i e s  
examined performance a t  purge t o  feed r a t i o s  between 1.1 and 1 . 2  and a t  space 
v e l o c i t i e s  between 9 3  and 156 cFH/lb. of bed,  A parametr ic  design equat ion 
was developed based on d a t a  obta ined  from runs using t h e  above range of con- 
d i  t i o n s  . This equat ion is  given below : 
log PIM Hz0 = 14.8612-12.5875 (P/F)+0.01113 s > 
I n  t h e  p re sen t  s tudy ,  work was extended t o  cover performance at lower 
purge t o  feed  r a t i o s  ( < 1.10) and lower space  v e l o c i t i e s  (28-48 f t 3 / h r - l b  of bed) .  
Since t h e  power i n p u t  t o  a h e a t l e s s  system i s  almost d i r e c t l y  dependent on 
the  purge t o  feed  r a t i o ,  i t  is  d e s i r a b l e  t o  use as low a va lue  as poss ib l e .  
I t  was hoped t h a t  a  t rade-off  could b e  made between t h e s e  two parameters t o  
g ive  e f f l u e n t  a i r  wa te r  l e v e l s  comparable t o  those  obtained a t  h igh  purge t o  
f eed ,  h igh  space v e l o c i t y  condi t ions .  I n  add i t i on ,  w e  hoped t o  t e s t  t h e  
a p p l i c a b i l i t y  of t h e  paramet r ic  design equat ion  t o  t h i s  range of condi t ions .  
S ingle  zone s i l i c a - g e l  bed performance, using low purge t o  feed 
r a t i o s  and low space v e l o c i t i e s ,  was examined using 4" columns of Davidson 
e 
seconds and room temperature r e spec t ive ly .  Runs were made a t  purge t o  feed 
r a t i o s  a s  low as  1 .03  and space  v e l o c i t i e s  ranging t o  28 CFH/lb. of bed. 
The s t e a d y - s t a t e  e f f l u e n t  a i r  water  concent ra t ion  r e s u l t i n g  from t h e s e  runs 
i s  presented  below i n  Table 2. The r e s u l t s  of runs previous ly  made a t  
high space  v e l o c i t i e s  and purge t o  feed r a t i o s  a r e  a l s o  presented f o r  
comparis on. 
Table 2 
( I )  A l l  runs made with a  4" column of 
a 112 cyc le  t ime of 60 seconds. 
The r e s u l t s  reported i n  Table 2 i n d i c a t e  that a trade-off can be  
made between space ve loc i ty  and purge-to-feed r a t i o s  t o  y i e l d  comparable 
s teady-s ta te  product water  concentrat ions.  A space v e l o c i t y  of only 28 f t ? / l b  
of bed and a purge-to-feed r a t i o  of 1.05 is  s e e  t o  give equivalent  drying 
capaci ty  t o  run with a space ve loc i ty  of 156 f t? / lb .  of bed and a purge-to-feed 
r a t i o  of  1.21. A s i m i l a r  trade-off can be  made between runs D-16 and D-17. 
Furthermore, e f f e c t i v e  drying can b e  rea l i zed  at as  low a purge 
t o  feed  r a t i o  a s  1.03. Operation a t  t h i s  P/F would r e s u l t  i n  minixha1 power 
--- --- -- - - . 
consumption. -- .~he-Jin~ e q w t i o n T z v e l o p a i n  ~or@ract,NAS 1-6918, was used7 
t o l p r e d i c t  t h e  performance of t h e  h e a t l e s s  desorption drying runs presented 
i n  Table 2 Since t h i s  equation was developed using a minimum space ve loc i ty  
l e v e l  of 94 f t ? / l b .  of bed and purge-to-feed l eve l s  no lower than 1.10, 
w e  w e r e  i n t e r e s t e d  i n  determining how w e l l  i t  predic ted  t h e  performance of 
t h e  low space ve loc i ty  low purge-to-feed condit ions used i n  the  low P / F  
tests. A s  can b e  seen i n  Table 2, the  e f f l u e n t  HqO concentrat ion predic ted  
by t h e  design equation agreed f a i r l y  w e l l  with thg experimental da ta  obtained 
wi th  t h e  exception of runs D-14 and D-20. Since t h e  design equation appeared 
t o  hold  up w e l l  f o r  t h e  space v e l o c i t y  and purge-to-feed l e v e l s  of i n t e r e s t ,  
i t  was used t o  he lp  def ine  t h e  experimental conditions required t o  evaluate 
the  two-zone s i l i  ca-gel-molecular .sieve bed approach. Two zone d i s i ccan t  
experiments a r e  discussed i n  t h e  following paragraphs . 
3.5 Performance of t h e  Two Zone S i l i c a  Gel-Molecular Sieve Desiccant Bed 
S i l i c a  g e l  o f f e r s  the  bes t  o v e r a l l  proper t ies  f o r  use a s  a s i n g l e  
des iccant  i n  a Heatless  Desorption drying system f o r  manned spacecraf t .  
Theoret i c a  1 considerat  ions,  however, ind ica te  t h a t  improved system per- 
formance should be poss ib le  i f  molecular s ieves  were t o  be used i n  add i t ion  
t o  s i l i c a  g e l  i n  two-zone des iccant  beds. An explanation of t h e  performance 
can bes t  be made with reference t o  Figure 7 which shows t h e  c h a r a c t e r i s t i c  
water  adsorpt ion  isotherms f o r  these  two sorbents .  
The isotherm of t h e  molecular s ieves ,  i s  very -- favorable a t  
---- . 
low pressure .  However, i n  t h e  fla: por t ion  of the  isotherm ( p a r t  B), hea t l e s s  ,' 
- - 
-- 
desorpt ion  of water from the  s i eve  becomes very d i f f i c u l t  s ince  a la rge  
decrease i n  p a r t i a l  pressure (P2 PI) e f f e c t s  only a small  decrease i n  
water  loading (L2 + L1). With the  r e l a t i v e l y  l i n e a r  isotherm exhibi ted 
by s i l i c a  ge l ,  on the  o the r  hand, desorption is  r e l a t i v e l y  easy s ince  a 
decrease i n  pressure causes a propor t ional  decrease i n  moisture loading. 
The s i l i c a  g e l  has low capaci ty  a t  low water vapor pressure .  Consequently, 
a la rge  p a r t  of a s i l i c a  g e l  des iccant  bed i s  needed t o  remove t h e  l a s t  
t r a c e s  of moisture from t h e  process gas.  
Figure 7 
CWARACTERlSTlC WATER ISOTHERMS FOR MOLECULAR SIEVE AND SILICA GEL. 
H20 PARTIAL PRESSURE - 
I f  we examine the  isotherm f o r  the  molecular s i e v e  more c lose ly ,  
we f i n d  t h a t  it can be considered being made-up of two regions which a r e  
shown i n  Figure 7 a s  A and B. A t  low pressure (region A ) ,  t h e  isotherm i s  
n e a r l y  l i n e a r .  I n  t h i s  region,  t h e  s i eve  behaves l i k e  an  u l t ra-h igh 
capac i ty  s i l i c a  g e l  i n  i t s  desorption c h a r a c t e r i s t i c s .  Therefore, by 
keeping t h e  water vapor pressure  t o  which the  s i eve  is  exposed during 
adsorpt ion  below PI, subsequent desorption by dry purge w i l l  be e f f e c t i v e .  
These p roper t i e s  of the  s i l i c a  g e l  and Molecular Sieve isotherms 
a r e  exploi ted  i n  t h e  two-zone des iccant  concept s tudied  i n  t h i s  program. 
The des iccant  beds i n  t h i s  concept each contain a zone of s i l i c a  g e l  and 
a zone of Molecular Sieve. Moist gas f i r s t  contac ts  t h e  s i l i c a  g e l  
where t h e  bulk of the  moisture is removed t o  produce a p a r t i a l l y  dr ied  
gas  whose water vapor pressure  i s  w i t h i n  the  l i n e a r  p o r t i o n  of the  molecular 
s i e v e  isotherm (below P on Figure  7) . Fina 1 moisture remova 1 i s  then 
accomplished by t h e  molecular s i e v e .  Since t h e  capaci ty  of t h e  s i eve  i s  
h igher  than  t h a t  of t h e  s i l i c a  g e l  i n  t h e  low moisture range, l e s s  s ieve  
i s  needed than t h e  s i l i c a  g e l  replaced.  
Prel iminary experiments were conducted t o  determine t h e  optimum 
d i v i s i o n  of s i l i c a  g e l  and molecular s i eve  i n  t h e  bed. I f  t o o  l i t t l e  
s i l i c a  g e l  was used, t h e  moisture content t o  which t h e  molecular s i eve  
would be exposed would be t o o  high t o  e f f e c t  easy desorpt ion  ( i . e . ,  it w i l l  
be i n  t h e  hor izon ta l  p o r t i o n  of t h e  isotherm). I f  t o o  l i t t l e  s i eve  was 
used, on t h e  o t h e r  hand, t h e  gas would not be d r i ed  adequately. 
I n  a c t u a l  p r a c t i c e ,  tests ,.were startex with  a f ixed  le- . . 
g e l  i eav ing  '*Yead volume" i n  t h e  column f o r  G l e c u l a r  sieve t o  b e  addedafgex  
t h e  des i red  e f f l u e n t  moisture l e v e l  was obtained - below PI, L1 on t h e  
molecular s i eve  adsorpt ion  isotherm. Experiments were then conducted t o  
determine t h e  extent  process a i r  drying depends on the  amount of Molecular 
Sieve  added f o r  spec i f i ed  low purge t o  feed, low space v e l o c i t y  process 
cond i t ions .  The r e s u l t s  of these  two zone desiccant  bed runs, using 
both  5A and 13X Molecular Sieves a r e  presented i n  Table 3. 
Table 3 
-- - 
Performance of Heatless  Desorption Two Zone Bed Drying Systems 
- -  - -> - - . - - - , .- . , - -
".*; 11 , 
< 
Weight of s i e v e s  %ace * ~ e l o c i t ~  Steady-State E f f l u e n t  
Run. No. Addedgmsl~ed  , f t 3 f h r - l b ' o f b  
H20 Concentrat ion ppm 1 
1)-20 None . 250 
D-23 None - 416 
D-25 12.5 5A M.S. 38 1.03 
D-27 12.5 13X M.S. 38- 1.03 
, , 
D-24 25.0.5A M.S. 32 
- r - 
- 
D-29 25.0 1 3 X  M.S. 1 32 
1 
* Based on t o t a l  charge (M.S. + s i l i c a  ge l )  of bed. 
**-5azisi'' 
The use of t h e  two zone s i l i c a  gel -Molecular  S ieve  d e s i c c a n t  
beds reduced t h e  s t e a d y - s t a t e  e f f l u e n t  w a t e r  c o n c e n t r a t i o n  below t h a t  p ro -  
duced by t h e  s i l i c a  g e l  a l o n e  f o r  comparable l e v e l s  of space  v e l o c i t y  and 
purge  t o  f e e d  r a t i o .  Though t h e  a d d i t i o n  of 12.5 gms of b o t h  5A and 13X 
S i e v e  t o  t h e  b a s e  charge of 50  gms of s i l i c a  g e l  gave on ly  m a r g i n a l  improvement, 
t h e  25 gm s i e v e  increment gave a  d r a m a t i c  improvement i n  d r y i n g  e f f i c i e n c y .  
S i n c e  we a r e  o p e r a t i n g  i n  t h e  "knee" r e g i o n  o f  t h e  Molecular  S i e v e  a d s o r p t i o n  
i s o t h e r m  system,  d r y i n g  e f f i c i e n c y  would be  expec ted  t o  be s e n s i t i v e  t o  t h e  
amount of s i e v e  added.  Apparen t ly ,  25 gms of s i e v e ,  o r  a  r a t i o  of s i e v e  t o  
s i l i c a  g e l  of 112, is  s u f f i c i e n t  t o  produce a  s u b s t a n t i a l  improvement o v e r  
a  s i n g l e  zone s i l i c a  g e l  bed a t  t h e s e  p r o c e s s  c o n d i t i o n s .  
Performance of t h e  13X ~ o l e c u l a r  s i e v e  s i l i c a  g e l  two zone sys tem 
a p p e a r s  t o  be  somewhat b e t t e r  t h a n  t h e  5A s i l i c a  g e l  two zone system.  The 
g r e a t e r  e a s e  a t  which 13X s i e v e s  can b e  desorbed i s  b e l i e v e d  t o  be  t h e  main 
r e a s o n  f o r  t h e  h i g h e r  performance of t h i s  sys tem.  
Some p r e l i m i n a r y  d e s i g n  c a l c u l a t i o n s  have been made u s i n g  o u r  
two zone bed,  low purge t o  feed  r a t i o ,  low s p a c e  v e l o c i t y  r u n  d a t a .  
Des iccan t  weight  and blower power requ i rements  f o r  t h e s e  r u n s  a r e  compared 
w i t h  a  t y p i c a l  r u n  a t  h igh  space  v e l o c i t y - h i g h  purge t o  feed  c o n d i t i o n s .  
Tab le  4 
ens D ~ s n r a t ~  o n  Svs t e m  Design - 
Design B a s i s  - 3  man crew, a i r  f low requ i rements  4 ~FM/man, c a b i n  p r e s s u r e  
10 p s i a .  
I 
Two Zone Systems i 
Based on T o t a l  Desiccarlt Charge 
-, 
The r e s r r l t s ,  g i v e n  llir T a b l e  4 ,  indicate t h a t  a t rade-of f  earl b e  made 
between s o r b e n t  requ i rements  and sys tem power. The low P/F, l o w  space  
v e l o c i t y ,  two zone bed runs  r e q u i r e  c o n s i d e r a b l y  l e s s  power, though more 
s o r b e n t  t o  d r y  s p a c e c r a f t  a i r .  Thus, t h e  two zone bed d e s i g n  can be 
used t o  enhance t h e  performance of t h e  H e a t l e s s  Desorp t ion  d r y i n g  system, 
producing very  d r y  a i r  w i t h  v e r y  low power consumption and a n  i n c r e a s e  
i n  f i x e d  bed w e i g h t .  
3 . 6  Conc l u s  i o n s  
H e a t l e s s  Desorp t ion  d r y i n g  exper iments  conducted d u r i n g  t h i s  
p a s t  program i n d i c a t e  t h a t  a  f a v o r a b l e  o p e r a t i n g  p r o c e s s  v a r i a b l e  t r a d e -  
off  can  be  made between space  v e l o c i t y  and purge t o  f e e d  r a t i o s  t o  y i e l d  
a c c e p t a b l e  r o d u c t  w a t e r  c o n c e n t r a t i o n s .  T y p i c a l l y ,  a  s p a c e  v e l o c i t y  of 
o n l y  28 f t  . g / l b .  of bed and a  purge- to - feed  r a t i o  of 1.05 gave e q u i v a l e n t  
d r y i n g  c a p a c i t y  t o  a  r u n  w i t h  a  s p a c e  v e l o c i t y  of 156 f t  .3/1b. of bed and 
a  purge  t o  f e e d  r a t i o  of 1.21.  From a  p r a c t i c a l  s t a n d p o i n t ,  t h i s  means 
t h a t  a  H e a t l e s s  Desorp t ion  d r y i n g  sys tem could b e  des igned  t o  o p e r a t e  a t  
v e r y  low power consumption w i t h  a n  i n c r e a s e d  f i x e d  bed w e i g h t .  
The p a r a m e t r i c  d r y i n g  e q u a t i o n ,  developed on t h e  p r e v i o u s  con- 
t r a c t ,  (NAS 1-6918) was found t o  a c c u r a t e l y  p r e d i c t  t h e  performance of 
t h e  H e a t l e s s  Desorp t ion  d r y i n g  u n i t  down t o  a  purge t o  feed  r a t i o  of 
1.05 and a  space  v e l o c i t y  of 28 f t . 3 / l b .  
The u s e  of a  two zone S i l i c a  G e l  Molecular S i e v e  H e a t l e s s  
Desorp t ion  d r y i n g  sys tem reduced t h e  s t e a d y  s t a t e  e f f l u e n t  w a t e r  con- 
c e n t r a t i o n  below t h a t  produced b y  S i l i c a  Gel  a l o n e  f o r  comparable l e v e l s  
of s p a c e  v e l o c i t y  and purge  t o  f e e d  r a t i o s .  Performance was found t o  
b e  dependent on t h e  r e l a t i v e  amounts of molecular  s i e v e  and s i l i c a  g e l  
used  w i t h  a  c r i t i c a l  s i e v e  t o  s i l i c a  g e l  r a t i o  recluired t o  o b t a i n  v e r y  
d r y  a i r  (< 50 ppm H20) a t  low s p a c e  v e l o c i t i e s  28-48 f t  . 3 / l b .  of bed and 
low purge t o  f e e d  r a t i o s .  T h i s  b e h a v i o r  i s  p robab ly  a  r e s u l t  of t h e  
knee  shape of t h e  Molecular S i e v e - a d s o r p t i o n  i s o t h e r m .  The performance 
of t h e  13X Molecular  S i e v e - S i l i c a  Gel  two zone sys tem appeared t o  be  
s l i g h t l y  b e t t e r  t h a n  t h e  5A Molecular  S i e v e  S i l i c a  Ge l  system. The 
g r e a t e r  e a s e  a t  which 13X s i e v e s  can b e  desorbed i s  b e l i e v e d  t o  be t h e  
main r e a s o n  f o r  t h i s  performance advan tage .  
P r e l i m i n a r y  sys tem d e s i g n  ca l c u l a t i o n s ,  based on t h e  performance 
of t h e  two zone d e s i c c a n t  bed o p e r a t i o n  a t  low space  v e l o c i t y  and low 
purge  t o  f e e d  r a t i o s ,  i n d i c a t e  t h a t  abou t  18 w a t t s  of compressor power 
and 19 l b s  of d e s i c c a n t  (15 l b s .  13X M.S. and 3 . 8  l b s .  s i l i c a  g e l )  a r e  
s u f f i c i e n t  t o  d r y  s p a c e c r a f t  a i r  ( 3  man crew) t o  250 ppm. A s o r b e n t  
load ing  of 2 2 , 5  l b s .  (15 l b s .  13X M.S, and 7.5 l b s .  of s i l i c a  g e l )  a t  
t h e  same blower power consumption could d r y  t h e  s p a c e c r a f t  a i r  t o  20  ppm. 
CARBON D I O X I D E  SUB-SYSTEM DHmLOPMENT 
The p r e v i o u s  c o n t r a c t  showed t h a t  t h e  use  of P r e s s u r e  
Equa l i z a t  i o n  D e p r e s s u r i z a t i o n  (PED) purge f o r  C02 removal was e f f e c t i v e  
and gave improved performance over  c o n v e n t i o n a l  product  purge .  Con- 
s e q u e n t l y ,  t h e  p r e s e n t  program c o n c e n t r a t e d  on s t u d y i n g  t h i s  method of 
o p e r a t i o n  w i t h  p a r t i c u l a r  emphasis p l a c e d  on e v a l u a t i n g  t h e  f o l l o w i n g  
PED purge  d e s o r p t i o n  system m o d i f i c a t i o n s :  
9 Sorbent  f i l l e d  PED C y l i n d e r  
e Larger  Volume PED Cyl inder  
@ Delayed PED Purge 
e Heated PED Purge 
I n  t h i s  s e c t i o n  of t h e  r e p o r t ,  t h e  important  C02 system paramete rs ,  
t h e  e x p e r i m e n t a l  equipment,  and t h e  r e s u l t s  of t h e  above m o d i f i c a t i o n s  
a r e  d e s c r i b e d  and d i s c u s s e d .  
I n  d e s i g n i n g  a  C02-molecular s i e v e  s o r p t i o n  system w i t h  PED 
a i d e d  d e s o r p t i o n ,  t h r e e  f a c t o r s  shou ld  be cons idered :  sys tem weigh t ,  
a i r  l o s s  d u r i n g  d e s o r p t i o n ,  and p r o c e s s  gas  f low r a t e .  System weight  
w i l l  depend t o  a  l a r g e  e x t e n t  on t h e  amount of Molecular S i e v e  r e q u i r e d  
and t h e r e f o r e  t h e  s o r b e n t  's c y c l i c  c a p a c i t y .  The gas  f low r a t e  w i l l  be 
s e t  by t h e  C02 removal e f f i c i e n c y  ( i . e . ,  f r a c t i o n  of C02 i n  t h e  p r o c e s s  
gas  t h a t  i s  a d s o r b e d ) ,  and t h e  C02 c o n c e n t r a t i o n  i n  t h e  g a s .  P r o c e s s  
g a s  f low r a t e ,  t o g e t h e r  w i t h  sys tem p r e s s u r e  d rop ,  w i l l  de te rmine  t h e  
power r e q u i r e d  by t h e  f a n  t o  move t h e  p r o c e s s  gas  through t h e  sys tem.  
F i n a l l y ,  a i r  l o s s  d u r i n g  d e s o r p t i o n  w i l l  depend on t h e  e f f e c t i v e n e s s  
of t h e  purge d e s o r p t i o n  and t h e  r e s u l t a n t  c y c l e  t ime  and f i x e d  bed s i z e .  
The a i r  l o s s  comes from a i r  t r a p p e d  i n  t h e  void  s p a c e s  of t h e  bed and 
from oxygen and  n i t r o g e n  which a r e  adsorbed  by t h e  molecular  s i e v e .  
The purpose  of t h i s  i n v e s t i g a t i o n  was t o  e v a l u a t e  t h e  e f f e c t i v e -  
n e s s  of PED purge d e s o r p t  i o n  a t  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s .  The 
sys tem paramete rs  t h a t  were cons idered  impor tan t  and were v a r i e d  i n  t h i s  
s t u d y  were t h e  s o r b e n t  , c y c l e  t ime ,  and space  v e l o c i t y .  Bed l e n g t h ,  
and C02 p a r t i a l  p r e s s u r e  were f i x e d  d u r i n g  most of t h e  r u n s ,  Tab le  5 
shows t h e  v a l u e s  of t h e s e  pa ramete rs  t h a t  were i n v e s t i g a t e d .  
T a b l e  5 
Paramete rs  I n v e s t i g a t e d  f o r  
2- 
f t  3  Space V e l o c i t y  60, 130 and 180 
Cycle Time 
Molecular S i e v e  
5 ,  10,  20, 30,  60 Minutes 
Linde 5A and 13X, 1/16" 
Extruded p e l l e t s  
The bed l e n g t h  was 9  i n c h e s  r e s u l t i n g  i n  a  L/D of 6 .  C02 p a r t i a l  p r e s s u r e  
was 4  mmHg . 
V a r i a t i o n s  i n  t h e  b a s i c  PED mode of purge d e s o r p t i o n  were 
s t u d i e d  i n c l u d i n g  t h e  use  of a  s o r b e n t  f i l l e d  PED c y l i n d e r ,  i n c r e a s i n g  
t h e  volume of PED c y l i n d e r s ,  de layed  PED purge and hea ted  PED purge .  
A schema t i c  d iagram of t h e  p i l o t  u n i t  used f o r  t h e  C02 remova 1 
s t u d i e s  is  shown i n  F i g u r e  8 .  A s  i n  t h e  d r y i n g  u n i t ,  a  11 l i n e s  were 
made of 318" SS t u b i n g  connected by swage-lock f i t t i n g s ,  and t h e  beds 
were  c o n s t r u c t e d  of 1-112" g l a s s  p i p e .  The molecular  s i e v e s  were h e l d  
i n  t h e s e  beds w i t h  s t a i n l e s s  s t e e l  w i r e  mesh packed f i r m l y  on b o t h  s i d e s  
of t h e  a d s o r b e n t .  
The p r o c e s s  gas  was a  mix ture  of C02 and a i r  metered independen t ly  
th rough  two r o t a m e t e r s .  The a i r  s t r e a m  was p r e - d r i e d  t o  dew p o i n t s  below 
-90°F w i t h  a  commercial H e a t l e s s  Dryer ( G i l b a r c o  Model HF-200) and t h e  
C02 was d r i e d  by p a s s i n g  it through a  24- inch long s i l i c a  g e l  bed .  Back 
p r e s s u r e  was main ta ined  a t  20 p s i g  w i t h  two back p r e s s u r e  r e g u l a t o r s .  
The s e p a r a t e  s t r e a m s  were blended i n  p roper  p r o p o r t i o n s  t o  y i e l d  t h e  
d e s i r e d  flow r a t e s  and C02 p a r t i a l  p r e s s u r e s .  The mixed s t r e a m  was 
t h e n  f e d  t o  t h e  bot tom of t h e  a d s o r b i n g  bed .  T h i s  bed was mainta ined 
a t  t h e  a d s o r b i n g  p r e s s u r e  (about  2 1.9 i n  Hg a b s  .) by means of a  CENCO, 
Megavac, vacuum pump, Model 92003 ( r a t e d  a t  2 CFM f r e e  a i r  c a p a c i t y )  and 
a n  Emil G r e i n e r ,  Model 5 ,  c a r t e s i a n  manos ta t .  
Figure 8 
I 
C 0 2  SORPTION UNIT 
7 
DRY 
DRY C 0 2  
R = Rotameter 
NV = Needle valve 
BPR = Back pressure regulator 
VG = Bourdon vacuum gauges 
Tranducer 
NOTE: Bed 2 on absorption. 
Bed 1 on Regeneration as 
shown 
AIR 
DVP = Diaphragm vacuum pump 
W T M  = Wet test meter 
0, @ = Closed, open solenoid valves 
Figure 9 
PROGRAM CONTROLLED PROCESS SEQUENCE - Cog UNIT 
I 
10 MINUTE HALF CYCLE 
(a) BED 1 ON ADSORPTION ( 1 0  MIN.) 
BED 2 ON PED PURGE ( 1 0  MIN.) (b) BPE ( 1 0  SEC.) 
(c) PED (10 SEC.) (dl BED 1 ON PED PURGE ( 1 0  MIN.) BED 2 ON ADSORPTION ( 1 0  MIN.) 
@ = OPEN SOLENOID VALVE 
@ = CLOSED SOLENOID VALVE 
Desorption vacuum was provided by a Precision S c i e n t i f i c  Model D-100 
- -- - 
high lvacuuh p m p < r a t s  c.6 . ' l i ters  /set pmping  spead a n d  on ul t imate  vacuum of 
10-4 tor+. The pump was connected t o  t h e  beds through appT6ximately =feetp 
of 1.5" l i n e .  Desorption pressure  was measured at a point  i n  t h i s  l i n e  located  
about 15" from t h e  o u t l e t  of t h e  beds with a Barocel 511 Pressure Transducer. 
The amount of desorbate was measured .by a wet t e s t  meter connected t o  t h e  
discharge of the  vacuum pump. 
.- 
The Pressure Equalizat ion ur i  E % ~ c ~  l i l n d e m w  
from .024-. 142 f t  .3  i n  volume. After  bed pressure  equal iza t ion,  the  adsorbing 
bed would b e  depressured i n t o  one of these  evacuated cylinders through an 
Asco model 803041VM solenoid valve. After  completing the  PED s t e p ,  t h i s  
valve would b e  automatically closed and t h e  gas i n  t h i s  cyl inder  used a t  a 
control led  r a t e  (flow con t ro l  valve) t o  purge t h e  desorbing bed. 
.- - . C; --?' .---C. - - -- - 
--- -- 
Automatic Gydiing was achieved throughout reach I s t e p  of the process 
using the  sahe type of solenoid valves .  These were a c t i v a t e d  s e q u e n t i a l l y  by 
a cycle programmer manufactured by the  Automatic Timer Corpora t ion .  This 
programmer was capable' of independently a c t i v a t i n g  any of t e n  solenoid 
valves i n  any p a r t  of the  cycle.  This allowed f o r  maximum f l e x i b i l i t y  i n  
opera t ion .  Figure 8.:# shows the  valve sequence used for  those runs u t i l i z i n g  
the Pressure ~ ~ u a l i z a t i o r ;  Depressuring purge technique. - - =- 4 
Continuous sampling of the  GO2-lean product was c a r r i e d  ou t  with a 
Neptune ~ ~ n a : ~ i a ~ h r a g n y  Pump (Model #3), and ana lys i s  of t h i s  sample was made by 
an in f ra - red  C02 analyzer (Mine Safe ty  Appliance, Model L i r a  200). The same ana- 
l y z e r  was a l s o  used f o r  monitoring the feed C02 content .  The s igna l  from the  C02 
analyzer  was continuously r e c o r d e d z a  Sargent Model 72150 Recorder. A t y p i c a l  
recorded output i s  shown i n  I ? i g u r e 2  The "saw-tooth" e f f e c t  was obtained i n  a l l  
experiments and represen t s  t h e  breakthrough p a t t e r n  of the  system (i.e., t he  
C02 concentra t ion i n  the  e f f l u e n t  from the  adsorbing bed) while the  upper s o l i d  * 
h o r i z o n t a l  l i n e  represen t s  the  C02 concentra t ion of the  feed.  The area be- 
tween t h e  feed l i n e  and the  product concentra t ion curve i n d i c a t e s  t h e  amount 
of carbon dioxide removed per cycle.  This was ca lcu la ted  f o r  each run by 
g raph ica l  in tegra t ion .  A sample c a l c u l a t i o n  i s  given i n  Appendix 7.3. / 
w 
The CO2 analyzer was c a l i b r a t e d  d a i l y  s ince  t h e r e  was some tendency 
f o r  the  output s i g n a l  t o  d r i f t  with time. E lec t ron ic  problems wi th  the  analyzer 
were normally easy  t o  d e t e c t  and cor rec t .  On occassion, however, other mal- 
" 1 
funct ions  such a s  a f a u l t y  de tec t ing  ce l l .were  not a s  r e a d i l y  apparent ,  and 
t h e s e  r e s u l t e d  i n  some l o s s  of experimental t,ime. - - 
- -=-- - -- - A . --:- " .c 
* I n i t i a l  adsorptions runs (A-1 t o  A-23) and a l l  runs made on Contract 
NAS 1-6918 were made using a Cenco Model 91506 Hyvac 7 vacuum pump ( ra ted  
a t  2.79 CFM f r e e  a i r  capacity and 1.24 CFM a t  10-3 t o r r .  This pump was 
connected t o  t h e  beds through 5 f e e t  of 318" l i n e .  The use of the  h igher  
vacuum pump and l a r g e r  diameter connecting l i n e  t o  the  adsorption beds re- 
s u l t e d  i n  a marked improvement i n  sys tem performance . This improvement ' 
is  discussed i n  ensuing paragraphs. 
FEED PCOZ: x 4mm Hg 
Figure 10 
TYPICAL LIRA OUTPUT 
PURGE: PED 
BED WT.: 0.4 Ibs. 
ADSORBENT: 5A M.S. 
TIM E, M inutes 
Having se lec ted  t h e  set of operat ing conditions t o  be used i n  a 
p a r t i c u l a r  run ( i . e . ,  space ve loc i ty ,  PED purge condit ions,  cycle t i m e ,  adsorption 
pressure,  and C02 feed concentrat ion),  t h e  system was allowed t o  opera te  
f o r  t h r e e  t o  four  complete cycles p r i o r  t o  recording any data.  I n  con t ras t  
t o  the '  drying experiments which required thousands of cycles,  a few cycles 
were a l l  t h a t  w e r e  needed f o r  t h e  C02 system t o  reach a steady s t a t e  operat ion.  
4.3 Effect  of Improved Desorption Vacuum on System Performance 
A l l  C02 Heatless Desorption experimental work on NAS-1-6918 
u t i l i z e d  a Cenco Model 91506 desorption vacuum pump (ra ted  at , A .B l / sec .  at 
t o r r )  which was connected t o  t h e  desorbing beds through 5 f e e t  of 318" 
l i n e .  It w a s  f e l t  t h a t  the  use of a h igher  capacity vacuum purpp t ~ g e t h e r  
with an inc rease  i n ,  pump t o  adsorption Wed cdrinecting l i n e  diameter, would 
r e s u l t  i n  a h igher  u l t imate  vacuum in. t h e  bed u~dergo ing  - desorption and 
hence, improved sys  t e m  performance . Accordingly, a new ; F r e c i ~ ~ i o n  --Scic6tific 
vacuum pump ( ra ted  a t  16.7 l / s e c .  pumping speWtand ul t imate  vacuum &f -10-4 
t o r r )  was i n s t a l l e d  i n  our test system and connected t o  the  desorbing beds 
by means of 5 f e e t  of 1.5" diameter l i n e .  
- - -. . 
- - - - -.A -.+ 
.- 
- --- 
-- 
-- 
- 
This hew i n s  t a l l a t i o n  considerably reduced the  u l t imate  vacuum i n  the 
sorbent  bed during PED purge desorption a s  w e l l  as  t h e  time required t o  reach 
maximum vacuum. The n e t  r e s u l t  of the  use  of t h e  new pump was a s u b s t a n t i a l  
improvement i n  system C02 removal capaci ty  as  can be seen i n  Table 6 and 
Figure 11. The new pump i n s t a l l a t i o n  was thus used t o  evaluate t h e  e f f e c t  of 
a l l  system PED purge modifications as w e l l  as  other process va r iab le  experiments. 
The 'improvement i n  system capacity r e s u l t i n g  from the  -- . h i g h e r _ s y z m  
_-_ __-_---- ---- - 
K u G  and pumping-rate suggests t h a t  s t i l l  f u r t h e r  irprovenedt mav bev , / 
-ith a lower desorption .pressure  ,-he C . 
- -2x d s s o ~ p ~ b ~  - 
- ra tes  a= -such tha-t themo.Iecular  sic- sorhent. 
. ---. . ,-' - .. - 
e i e ~ u i L b r i u a , y , i ~ h - t  &-itesorhing-,+he inereas e - l n  cspacd - 
can be zs t imated by means of the  a d s o r p t ~ o n  lsotherm f o r  the  system be ing  used. 
Such an es t imate  ind ica tes  t h a t  only about another 10% increase  i n  bed capacity-  
- 
would be r e a l i z e d  --- if -- t h e  -- desor@tion -- bed -  @reskure - - - was - - r e d u c e d t b : l 0 ~ -   
t o r r .  For a p r a c t i c a l  space app l i ca t ion ,  the u l t iamte  vacuum and pumping r a t e  
seen by t h e  sbrbent  beds w i l l  depend on t h e  desorption l i n e  pressure  drop i . e . ,  
- - -- --. 7------ 
. .-- -
design, types of valves used e t c .  The - d e s o r p t ~ o n b e d  - --  vacuu_m_ a n t h i p a t e d  f o r  
the  AiResearch Skylab C02 removal system i s  about .5 t o r r .  
- -  -- 
. - - - 
4.4 
~f feet of Sorfjefit F i l l e d ~ P E D  Cylinder 
The inc rease  i n  capacity obtained by purging the  sorbent during 
vacuum desorption depends, among other  things , on the  volume of purge used. 
One method of increas ing t h e  amount of purge fo r  a f ixed PED cylinder volume 
i s  t o  use a sorbent  f i l l e d  PED cylinder.  Theoret ical ly,  f o r  a f ixed volume, 
a sorbent  f i l l e d  cyl inder  can hold more gas (02+N2) a t  a given pressure  than 
can b e  he ld  by a cyl inder  of equal volume without the sieve. .  This can be  
seen i n  Table 7 which shows the  respect ive  t h e o r e t i c a l  amounts of gas held  
by an empty, and sorbent  f i l l e d  PED cylinder.  
-- 
Figure I I  
EFFECT OF VACUUM PUMP 
ON PEB SYSTEM CAPACITY 
PRECISION SCIENTIFIC MODEL D-1000 
I \ \ (16.7 liteus/sec. pump speed at 10-4 tour) 
SPACE VELOCITY 1 3 0  CFH/LB OF BED 
5A  MOL. SIEVE FILLED PED CYLINDER I 
10 20 30 40 50 
CYCLE TIWIE, IVlinutes 
Table 6 
I - Bed Capacity A i r  Loss 
Minimum Lbs  of CO:! ,Lbs of' A i r .  
Vacuum, mm Hg Hr-Lb of Bed Lb of CO:! 
A-15 
- 
5 2.3 (old pump) 0.049 0.65~ 1 
A-27 . 51 0.84 (new pump) 0.059 1 0.65 
I 
A-14 1 a 8 (old pump) 0.037 0.39 1 
0.68 (new pump) 
I 
A-32 lo1 0.047 0.34 
Fixed condi t ions  f o r  a l l  runs.  
e PED cy l inde r  f i l l e d  wi th  430 gms of Linde 5A Molecular S ieve .  
e Sorp t ion  columns f i l l e d  wi th  Linde 5A Molecular S ieve .  
e 10 sec .  bed p re s su re  e q u a l i z a t i o n ,  10 s e c .  PED 
C02 p a r t i a l  p re s su re ,  4.0-4.3 mm Hg. 
- -- 
Adsorption p re s su re ,  lO- l l - -ps ,a ,  
Table 7 
Purge Gas Capacity with Sorbent 
F i l l e d  and Empty PED Cylinder (Theoretica 1) 
. -- 
- - C y l i n d e r  
' - Gas 
& =- 
- Without - _-__-__ Sieve Cylinder Loaded With 5A Sieve* 
i - 
- 
- , -  -" 
w - 
% 
, 
- 7 :  . 
- 3 .L , . -135 l b s  adsorbed 
,083 l b s  
- 
P phase - - 
5 , ,  
.45 l b s  adsorbed 
,073 l b s  .476 l b s  
*- . -- 
. - 
. . 
.026 l b s  i n ,  gas 
. . 
. .  -... * , 4 n F -  . - .  
- - - - -  
- - 
I l i '  '- 1 
b - .  * ~ r ~ r l / l 6  extruded 5A Sieve, t h e  sorbent  t akes  up only  about 
- 65% of t h e  t o t a l  volume. The remaining volume conta ins  gas 
I 
'- phase 02 o r  N 2 .  
- -.h - -  - - 
2 <. 
P - -. --C- 
Besides increas ing capacity,  the  use of a sorbent  f i l l e d  de- 
pressuring cylinder should provide one addi t ional  advantage. By using the  
same s i e v e  i n  the  PED cyl inder  as  used i n  the  C02 sorbing beds, and 
making i ts  s i z e  approximately equal  t o  these beds, t h e  FED cylinder could 
_C - - _ - - - __-____-_ 
____-__---- -- 
Ibeused  a s  a spare bed' i f  one of t h e  p r i m a q  beds were .to become de--__ -- y---,=.-- - - -
~ c f l V a t F ~ - T i s T - ~ ~ ~ a ~ e r W ~ s  - --- e lnopera t 7 ~ 7 e  system - -  t o  continue 
--t: a rGEG555 cSl%EET i%FlTCOrii%%tTZZ vacu i  e s o rFr5E== 
- 
-- 
-- 
The sorbent  f i l l e d  PED cylinder concept was evaluated using a .024 
f t . 3  cylinder.  Runs were made using both a Linde 5A B ~ l e c u l a r  Sieve f i l l e d  
and a sorbent  f r e e  PED cyl inder  under i d e n t i c a l  process conditions. Comparative 
system performance was evaluated a t  d i f f e r e n t  cycle times, and two d i f f e r e n t  
space v e l o c i t i e s  using adsorption beds packed with Linde 5 A  Fblecular Sieve. 
The r e s u l t s  a r e  presented i n  Table 8 and Figures 15 and 16. 
The test r e s u l t s  su rp r i s ing ly  d id  not  show any advantage i n  system 
C02 removal capacity using the  5 A  Molecular S i eve  s orbent- f i l led  PED cylinder.  
I n  f a c t ,  a i r  l o s s  r a t e s  appear t o  be somewhat g r e a t e r  f o r  the  runs made ---- with -
a sorbent  f i l l e d  PED cyl inder .  The most probable explan_a,t>on f o r _ t l S e s u _ l  
_ _ _ _  __ - _ - _?-- 
may be t h e  g r e a t e r  - ___ - A s e n s i t i v i t y  -- - = of t h i s  t e c h n i q ~ e  -- cn ~he=vazgu_m.p_res,sure 
e ~ a b i l ~ ~ f  t h e  system. Also, it may inciease  Oe t ime constant  lo£ the  
&sorption system. 
 hat is smaller  beds  and f a s t e r  cycle time with an increase 
i n  vacuum c a p a b i l i t y  may be necessary t o  achieve increased capacity with t h i s  
method. 
Performance of 5A S o r b e n t - F i l l e d  V s  , Empty 
equalization, 10 sec. PED, 
Feed C02 p a r t i a l  p r e s s u r e  4 mm Hg. 
e A d s o r p t i o n  p r e s s u r e  10 p s i a ,  
s Temperature ,  72°F 
Figure 12 
BED CAPACITY USING EMPTY ! 
AND FULL PED CYLINDERS 1 
CYCLE TIME, Minutes 
0.070 I I I I I 
5A M.S. FULL PED CYLINDER 
EMPTY PED CYLINDER 
0.060 - ALL RUNS MADE AT A CONSTANT SPACE 
- 
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The s o r b e n t  f i l l e d  PED c y l i n d e r  concept  might  t h e n  b e  made 
e f f e c t i v e  i f  t h e  a d s o r p t i o n  bed geometry and sys tem hardware were  modif ied  
t o  g i v e  much lower p r e s s u r e  d r o p .  The p r e s e n t  sys tem e x p e r i m e n t a l  hard-  
ware u t i l i z e d  a d s o r p t i o n  columns wieh a  v e r y  h igh  L /D  (abou t  6 j and 
t h u s  p rov ided  a  h igh  r e s i s t a n c e  f o r  t h e  d e s o r p t i o n  vacuum pump. Due t o  
t h e  l i m i t a t i o n s  of t ime  and t h e  scope of t h e  p r o j e c t ,  a  r e - e v a l u a t i o n  of 
t h e  s o r b e n t  f i l l e d  PED c y l i n d e r  concept  w i t h  modif ied sys tem hardware 
was n o t  under taken .  
Another approach t o  improving t h e  C02 removal c a p a c i t y  of t h e  
PED t e c h n i q u e  i s  th rough  use  of l a r g e r  PED c y l i n d e r s .  T h e o r e t i c a l l y ,  
i n c r e a s i n g  t h e  volume of t h e  PED c y l i n d e r  should  r e s u l t  i n  a  h i g h e r  
purge  f low and shou ld  i n c r e a s e  t h e  d e s o r p t i o n .  The a v a i l a b i l i t y  of 
purge  g a s  a t  a  lower p r e s s u r e  a t  t h e  beg inn ing  of d e s o r p t i o n  shou ld  
r e s u l t  i n  more e f f i c i e n t  remova 1 of t h e  adsorbed  C02 and ,  t h u s ,  h i g h e r  
sys tem c a p a c i t y .  
PED purge  d e s o r p t i o n  r u n s  were made w i t h  t h r e e  d i f f e r e n t  PED 
c y l i n d e r s  r a n g i n g  from .024 t o  .I42 f t . 3  t o  t e s t  t h e  f e a s i b i l i t y  of t h i s  
a p p r o a c h .  Space v e l o c i t y  was f i x e d  a t  130 f t 3  and t h e  
h r . - l b  o f  b e d  
a d s o r p t i o n  columns c o n t a i n e d  Linde 13X Molecular  S i e v e .  ( I t  i s  shown i n  
subsequen t  pa ragraphs  t h a t  t h e  performance of b o t h  5A and 13X Molecular  
S i e v e s  a r e  comparable).  The r e s u l t s  a r e  p r e s e n t e d  i n  Tab le  9 .  
Tab le  9 
E f f e c t  o f  I n c r e a s e d  Cyl inder  Volume 
F i x e d  Condi t fo i ls  For  Each Rrjti: 
F'eed c i ) ~  p a r t i a l  p r e s s u r e  - 4 [nrn ilg. 
Space v e l o c i t y  - 230 f t  , 3 / h r , - l b  o f  bed 
s ~ i n d e  L ~ X  f l o l e e u l a r  S i e v e  
e Temperarure - 72°F  
e A d s o r p t i o n  p r e s s u r e  - 10.8 p s i a  
o PED c y l i n d e r  volume - 0 .24  - . 0 7 l  f t e 3  
'i'he use  o f  l a r g e r  (empty) 12Jli?i cy ~ i n d e r s  is seen t o  e f f e c t  a 
modest i n c r e a s e  i n  sys tem C 0 2  removal c a p a c l t y  w i t h o u t  incurring any 
a p p r e c i a b l e  i n c r e a s e  i n  a i r  l o s s  rate. I n c r e a s i n g  t h e  PED c y l i n d e r  volume 
by a f a c t o r  o f  3 r e s u l t s  i n  abou t  a 25% i n c r e a s e  i n  sys tem c a p a c i t y  a t  t h e  
10 minute  c y c l e  and a 15% i n c r e a s e  a t  t h e  20 minute  c y c l e  l e v e l .  F u r t h e r  
i n c r e a s e  i n  PED c y l i n d e r  volume t o  a f a c t o r  of 6 r e l a t i v e  t o  t h e  b a s e  c a s e ,  
r e s u l t s  i n  s t i l l  h i g h e r  sys tem c a p a c i t y  b u t  t h e  i n c r e m e n t a l  i n c r e a s e  i s  lower .  
At h i g h e r  s p a c e  v e l o c i t i e s  , t h e  use  of a l a r g e r  PED c y l i n d e r  volume 
h a s  even a more pronounced e f f e c t .  Th i s  can  b e  s e e n  i n  Tab le  10.  O p e r a t i o n  
o f  t h e  H e a t l e s s  D e s o r p t i o n -  sys tem a t  a  s p a c e  v e l o c i t y  o f  180 c F H / ~ ~  of
bed u s i n g  a  .071  f t .  3 PED c y l i n d e r  is  s e e n  t o  produce s t i l l  f u r t h e r  improvement 
i n  s y s t e m  c a p a c i t y  w h i l e  reduc ing  t h e  a i r  l o s s  rate. 
T a b l e  10 
- - 
Large PED C y l i n d e r  T e s t s - E f f e c t  o f  Space V e l o c i t y  
F i x e d  c o n d i t i o n s  for each  run: 
Feed C02 p a r t i a l  p r e s s u r e  - 4 mm Hg 
e 5A Molecular  S i e v e  
e Adsorp t ion  p r e s s u r e  - 10 .8  p s i a  
g Temperature - 72OF 
PED c y l i n d e r  volume - .071 f t  . 3 
It, t h u s ,  a p p e a r s  t h a t  t h e  use  of l a r g e  PED c y l i n d e r s  can improve 
t h e  performance of a  vacuum Desorbed C02 removal sys tem w i t h o u t  i n c u r r i n g  
i n c r e a s e d  gas  l o s s .  T h i s  i s  accomplished by improving d e s o r p t i o n  e f f i c i e n c y  
and t h u s  a l l o w i n g  l o n g e r  c y c l e  t i m e .  
lCn d e s i g n i n g  a f l i g h t  sys tem,  a t r a d e - o f f  may be made i n  t h e  voluvne 
and w e i g h t  a s s o c i a t e d  w i t h  t h e  use of l a r g e r  PEI) c y l i n d e r s  and t h e  weight  
and  volume of s o r b e n t  r e q u i r e d .  Also,  such  a t r a d e - o f f  would depend on 
s p e c i f i c  m i s s  i o n  r e q u i r e m e n t s ,  
4.6 Ef fec t  of Heated Purge 
The desorption of carbon dioxide  from molecular s i e v e s  be- 
comes more favorable - - - with inc reas ing  - , -- temperature. -- - - rn purge-desorpti 
3 could possibiy b e  made more e f f e c t i v e  by- inc reas ing  t h e  purge tempera- 
ture .  Waste o r  e l e c t r i c  - - ,  h e a t  : gould - b e  used f o r  th i s .  In e i t h e r  case 
-- 
t he re  .would b e  an inc rease  i n  system w e t ~ h ;  GeCal-- 
hea te r s  o r  h e a t  exchangers , t h a t  would b e  needed t o  warm t h e  purge. 
Experiments were required t o  determine whether an improvement could b e  
i n  system performance through t h e  use of a heated purge. 
- 
made 
A t ape  heater  was i n s t a l l e d  around t h e  PED cylinder t o  provide 
a higher than room temperature purge. Runs were made using 5A s i e v e  f i l l e d  
adsorpt ion  columns and a 5A s i e v e  f i l l e d  PED cyl inder .  Also, the  s i eve  i n  
t h e  PED cy l inder  was expected t o  a i d  i n  t h e  t r a n s f e r  of heat  t o  t h e  s to red  
gas .  The r e s u l t s  of runs made using PED purge heated t o  150°F a r e  compared 
wi th  conventiona 1 room temperature PED cy l inder  runs i n  Table 11. 
Table 11 
. , Performance of  Heated Purne 
. . 
. . 
/ 
I 
Half Cycle Purge Gas Bod Capacity A i r  Loss 
I!= Time, Temperature - Lbs of CO2-,-!3, Lbs of  ~ i r !  
I 
,, Run No. Mins .  OF I Hr-Lb of Bed Lb o f n n h )  , 
- 7 P 7 
-- J .x= 
A-60 10 ' 150 0.0348 A * 0.65 
i 
A-37 1 0  -- 72- -- 0.0344 
, , -- 
- * 0.64 1- 
-- - 
- -  - -- - 
-- - 
' A-59 20 150- 0.0304 
-- .-- 
- 
0.16 
, -, 
___A_- - - - -  _ -- - 
- 
A A-58  2 0 72 3.0314 0.27 
- - 
Fixed 'condi t ions  For ~ a c h  Run: - , - .  - . 
Space v e l o c i t y  - 60 f t 3 h i t  .- -, ,ed. . 
- - -  P . 
\ PED cy l inder  f i l l e d  w i t h  430 gms of Linde 5A molecular  sieve. 
Adsorption columns each f i l l e d  w i t h  180 gms of  Linde 5A molecular  
' sieve. . 
C O ~  feed  p a r t i a l  p r e s s u r e  of  4 mm Hg. , 
Adsorption columns a t  room temperature.  
- -- - 
A s  t h e  test r e s u l t s  i n d i c a t e ,  no s i g n i f i c a n t  change i n - G p a c f t v  
was observed using PED purge heated t o  150°F. I n  order  f o r  t h i s  technique t o  
b e  e f f e c t i v e ,  t h e  heated purge gas must improve the  desorption e f f i c i ency  
r e l a t i v e  t o  the  conventional cold purge. To do t h i s ,  t he  heated purge must 
l o c a l l y  raise t h e  molecular s i e v e  bed temperature during t h e  desorption s t e p  . 
The experimental res& Bndicated t h a t  very l i t t l e  e leva t ion  i n  bed temperature 
- ---9 
took p lace  during PED desorption,  pr imar i ly  because of the  r e l a t i v e l y  l a rge  
mass o f  t h e  bed r e l a t i v e  t o  t h e  desorption gas used during the  cycle. 
Only t h e  f i r s t  few laye r s  of the  bed experienced a rise i n  temperature, the  
purge gas being rapid ly  cooled t o  the  temperature of t h e  bulk of the  bed. 
Because of t h i s  l i m i t a t i o n , t h e  heated PED purge approach d id  not seem p r a c t i c a l  
and w a s  no t  pursued f u r t h e r .  
4.7 Effec t  of Delayed Purge 
The most obvious way of improving purge aided desorption i s  t o  
increase  the  purge gas volume by lowering t h e  pressure f o r  a given quan t i ty  
of purge ( i . e . ,  moles). I n  e i t h e r  purge aided o r  conventional vacuum 
desorpt ion  of C02 t o  space, t h e  desorpt ion  pressure  does not remain constant;  
it continuously dec l ines  throughout t h e  e n t i r e  cycle a s  shown i n  Figure 14. 
Consequently, it would appear t h a t  t h e  most e f f e c t i v e  way of using PED purge 
would be t o  de lay  i t s  use u n t i l  t h e  desorpt ion  pressure had f a l l e n  t o  some 
predetermined low l e v e l .  I f  t h i s  delay were too  long, however, t h e  desorption 
e f fec t iveness  might again  decrease s ince  t h e  purge would be ava i l ab le  then 
f o r  only a s h o r t  time. Thus, the re  may be an optimum purge delay time t h a t  
would g ive  t h e  b e s t  o v e r a l l  desorption e f fec t iveness .  Also, a i r  l o s s  r a t e s  
might be reduced using t h i s  technique by using t h e  t o t a l  amount of purge 
more e f f e c t i v e l y  and al lowing the  cycle t ime t o  be increased.  
Figure 14 
Tbe delayed purge technique was eva lua ted  us ing  Linde 5A ~ d f e c ~ l a i  
-1 and a s o r b e n t  free PED c y l i n d e r  (. 142 f t3) .  The results of these --.-' 
tests are given i n  hble12. I I .  I i . ,  I .  " I 
f; <::: - = ' 
Effec t  o f  Delayed Purge I 
i' . , - . '  ' .  I b 
Purge Volume o f i  Air Loss I 
Run 1 1 2 C y c l e  Delay PurgeDesorba te  B e d c a p a c i t y  1 b s o f A i r  ' 
No. Time, Mins Mins . S CFH lbs /hr- lb  of Bed l b  of C02 ,I 
1. 
4 
114 5 -A - 0 0.38 .0500 .90 
0 .I5 1 0; 37 .0495 .85 124 
' 5 A-
5 1 0.35 .05 4 3 .66 
,' 20 0 0.16 .0341 .31 
20 1 0.14 .0314 .27 
20 2 0.14 * .0333 .20 
128 20 5 0.14 .0343 .19 
J 
1 Fixed cond i t ions  f o r  all runs : 
r . s ; * Space velocity--130 f t3 /h r - lb  of bed. 
8 Feed C02 p a ' r t i a l  p r e s s u r e  4 mm Hg. 
--- 
e Adsorption p r e s s u r e  of -10.8 ps ia .  
L_I ! e Temperature, 72'F. - - - -- 
-- - 
- -- - 
- .  
Increased delay  time i n  discharging the  PED purge i s  seen t o  improve 
t h e  a i r  los s  i n  both t h e  20 and 5 min. cycles .  Though a 10 percent improve- 
ment i n  system capaci ty  r e s u l t s  from delaying the  purge 1 min. i n  t h e  5 min. 
cycle ,  the  capaci ty  of t h e  system during t h e  20 min. cycle appears t o  be 
v i r t u a l l y  unaffected.  Thus, on the  b a s i s  of these  r e s u l t s ,  the  delayed 
purge technique appears t o  o f f e r  a  r e l a t i v e l y  simple approach t o  reducing a i r  
l o s s  r a t e s  i n  PED purge h e a t l e s s  desorption systems. 
Both 5A and 13X t y p e  Molecular , s l e v m ' a r e  e f f e c t i v e  i n  adsorbing 
.- - - . - 
-- --- - 
CX. Accor.ding: t o  AiResear$_ -acturine Com~any.&pgever. /si<ve . 
I s  beTieved t o  o f f e r  a d i s t i n c t  advantage because of both a g r e a t e r  - 
i n  dynamically desorbing C02 and a lower tendency t o  co-adsorb n i t rogen .  
Thus, comparative C02 performance tests were made i n  ou r  Hea t l e s s  Desorption 
-.,--  - - C02 test u n i t  us ing  bo th  5A and 1 3 X  Molecular sf eve-f i l led/adsorpt ion columns. 
Runs were conducted a t  a f i x e d  space  v e l o c i t y  o f  130 f t  .3Thr.-lb. of bed, 
---  
us ing  two d i f f e r e n t  s i z e  (empty PED) cy l inde r s ,  and t w o  cyc le  t imes.  ~ h c  
r3sTIEs a r e  sdmmarized i n  Table 13. 
Table 1 3  
.- mmDarisan_ of 5A and 13X Molecu la r~S ieves  
PED Cylinder  112 Cycle Bed Capacity Air Loss 
- Volume - Time l b s  C07 l b s  of a i r  
r;=------- Run No. /S i e v e v ~ p ~ ~  mins . hr-lb of bed l b s  of C02 
4'5 ,024 Linde 5A 10 0.0424 0.42 
6 8  Davidson 13X 10 0.0374 0.39 
44 .024 Linde 5A 20 0.0349 0.22 
67 Davidson 13X 20 0.0289 0.19 
87 .071 Linde 5A 10 0.0496 0.24 
10 2 Linde 13X 10 0.0465 0.32 
96 Davidson 13X 10 0.0420 0.48 
8 8 .O 7 1  Linde 5A 20 0.0375 0.12 
10 1 Linde 13X 20 0.0331 0 . 2 1  
97 Davidson 13X 20 0.0318 0.24 
4 1 
Fixed Conditions f o r  a l l  runs 
Space v e l o c i t y  - 130 ft31hr-lb of bed 
Feed C02 p a r t i a l  p re s su re  4 mrn Hg 
e Adsorption p re s su re  . &I .8 - 
Temperature, 72OF 
The runs made wi th  e i t h e r  Linde o r  Davidson 13X Molecular s i eves '  
a r e  seen  t o  b e  somewhat l e s s  e f f e c t i v e  i n  removing t h e  C O ~ t h a n  those employing 
I T  - - -- - L _- _ - 
t h e  5A sieves,(, Thus, d e s p i t e  t h e  - more - - -- r ap id  - - - -- desorp t ion  c h a r a E t e r i s t i c s  
- 4 - - -  
of t h e  1 3 X  sieves,  they a r e  no t  more ef  f ~ r + i ~ r ~  i n  remcxring C02 wi th  a pC02 6fl 
- - - 
mm Hg and p u r ~ e  deso rp t ion .  
4 , 9  - E f f e c t  of C 0  Feed Concentrat ion 2 
The p o s s i b i l i t y  of ope ra t i ng  molecular s i e v e  carbon d ioxide  remova 1 
systems a t  a h i g h e r  feed  C 0 2  p a r t i a l  p r e s s u r e  (by compressing t h e  feed a i r )  
prompted t h e  e v a l u a t i o n  of t h e  purge d e s o r p t i o n  technique a t  d i f f e r e n t  C02 
feed l e v e l s .  Performance, a s  a  f u n c t i o n  of C02 feed p a r t i a l  p r e s s u r e ,  i s  
g iven  i n  Table  14 and F igu re  15 .  Capaci ty  i s  seen  t o  i nc rease  markedly 
w i t h  i n c r e a s i n g  C02 f e e d  p a r t i a l  p r e s s u r e  and a i r  l o s se s  a r e  s u b s t a n t i a l l y  
reduced.  Thus, t r a d e - o f f s  can be  made by inc reas ing  t h e  feed p a r t i a l  
p r e s s u r e  by means of a  compressor. 
Table  14 
Ef f ec t  of C02 P a r t i a l  P re s su re  
Fixed cond i t i ons  f o r  a l l  runs : 
e Space v e l o c i t y  - 130 f t 3 / h r - l b  of bed. 
e Adsorpt ion p r e s s u r e  of 10.8 p s i a  . 
e Temperature of 72°F. 
PED cy l inde r  volume - '071 f t 3 .  
r 
Run 
No. 
115 
11 3 
116 
117 
119 
112 
118 
120 
C02 P a r t i a l  
P r e s s u r e  i n  
Feed, mu Hg 
2.6 
4.0 
5.2 
6 . 8  
2.6- 
4.0 
5.2 
6 . 8  
1 / 2  Cycle 
T i m e ,  Mins 
10  
20 
Volume of  
P u r ~ e  Desorbate  
SCFK 
0.21 
0 .24  
0.28 
0 .35  
0.12 
0.16 
0.18 
0 .21  
1 Air Loss 
Bed Capac i ty  --- I b s  o f  Air 
l b s / h r - l b  o f  Bed I b  o f  C02 
0.0240 1 .12  
0.0469 0.39 
0.0582 0 . 3 1  
0.0758 0 . 2 7  
0.0465 
0.0600 
Figure 15 
EFFECT OF Cop PARTIAL PRESSURE ON CAPACITY 
0 2 4 6 8 
C 0 2  FEED PARTlAL PRESSURE, mrn Hg 
4 .10  Conclusions  
A r e d u c t i o n  of t h e  bed d e s o r p t i o n  p r e s s u r e  f rom 2 t o  0 . 7  t o r r  
by t h e  u s e  of a  l a r g e r  vacuum pump r e s u l t e d  i n  a 20% i n c r e a s e  i n  C 0 2  
removal c a p a c i t y .  A f u r t h e r  r e d u c t i o n  i n  vacuum would be expec ted  t o  
r e s u l t  i n  s t i l l  f u r t h e r  improvement i n  sys tem c a p a c i t y .  However, t h e  
u l t i m a t e  advan tage  i n  improving sys tem c a p a c i t y  by reduc ing  t h e  d e s o r p t i o n  
bed p r e s s u r e  t o  v e r y  low l e v e l s  (< . O 1  t o r r )  would be l e s s  t h a n  10% i f  
e q u i l i b r i u m  C02 d e s o r p t i o n  i s  c o n t r o l l i n g .  The a c t u a l  bed d e s o r p t i o n  
p r e s s u r e  o b t a i n e d  i n  a  s p a c e  a p p l i c a t i o n  would be  l i m i t e d  by t h e  
d e s o r p t i o n  l i n e  p r e s s u r e  d rop ,  i . e . ,  on t h e  hardware d e s i g n ,  bed conf igu-  
r a t i o n ,  e t c .  
No improvement i n  purge  d e s o r p t i o n  c a p a c i t y  was observed th rough  
t h e  u s e  of a  s o r b e n t  f i l l e d  PED c y l i n d e r .  A i r  l o s s  r a t e s  appear  t o  be  
s l i g h t l y  h i g h e r  u s i n g  t h i s  FED mode c o n f i g u r a t i o n .  The p robab le  e x p l a n a t i o n  
f o r  t h e  f a i l u r e  of t h i s  concept  t o  improve C02 c a p a c i t y  is  a n  i n s u f f i c i e n t  
PED d e s o r p t i o n  vacuum p r e s s u r e  r e s u l t i n g  from t h e  combined e f f e c t s  of PED 
s o r b e n t  o u t g a s s i n g  and p r e s s u r e  d rop  through t h e  d e s o r p t i o n  bed.  
I n c r e a s i n g  t h e  PED c y l i n d e r  volume a f f e c t s  a  modest i n c r e a s e  
i n  C02 removal c a p a c i t y  and s l i g h t l y  reduces  a i r  l o s s .  A volume i n c r e a s e  
of 3  r e s u l t s  i n  a  15 t o  25% i n c r e a s e  i n  c a p a c i t y .  
The u s e  of a  hea ted  purge  d i d  n o t  improve C02 system performance.  
De lay ing  t h e  purge  f o r  25% of t h e  112 c y c l e  t ime  can r e s u l t  i n  a s  much a s  
a  35% r e d u c t i o n  i n  a i r  l o s s  r a t e  f o r  comparable sys tem c a p a c i t i e s .  
The C02 c a p a c i t y  of 13X Molecu la r  S i e v e  i s  s l i g h t l y  p o o r e r  
t h a n  5A S ieve  w i t h  purge a s s i s t e d  d e s o r p t i o n .  
C02 c a p a c i t y  i n c r e a s e s  i n  a  n e a r  l i n e a r  manner w i t h  a n  i n c r e a s e  
i n  C02 f e e d  p a r t  i a  1 p r e s s u r e  over  a  range of p r e s s u r e  of 2 .6  t o  6 .8  mm Hg 
pCO2 
5 .  APPLICATION OF HEATLESS DESORPTION FOR 
SPACECRAFT ENVIRONMENTAL CONTROL 
5.1 Space S h u t t l e  Enyironmenta 1 Cont ro l  
The Apollo carbon d ioxide  remova 1 system, u t i l i z i n g  t h e  
i r r e v e r s i b l e  r e a c t i o n  of C02 and LiOH, may not  be  p r a c t i c a l  f o r  some 
space  s h u t t l e  missions,  because t h i s  system r e q u i r e s  a  q u a n t i t y  of LiOH 
sorbent  i n  d i r e c t  p ropor t ion  t o  t h e  mission du ra t ion  and s i z e  of t h e  
crew. This  may r e s u l t  i n  a  f avo rab le  t rade-of f  f o r  a  regenerable  sorbent  
system f o r  some missions.  Also, space s h u t t l e  cab in  humidity c o n t r o l  
us ing  exc lus ive ly  coo l ing  and condensing hea t  exchangers and condensate 
t r a p s  may r e q u i r e  r a d i a t o r  su r f aces  t h a t  a r e  excess ive  f o r  a  r e - en t ry  t y p e  
veh ic l e .  A l t e r n a t e  approaches, obv ia t ing  some of t h e s e  problems may be 
a p p r o p r i a t e  f o r  t h e  environmental c o n t r o l  of a  space s h u t t l e .  Heat less  
and purge deso rp t ion  methods o f f e r  such a n  approach. 
5.1.1 Carbon Dioxide Cont ro l  
Cont rac t  NAS 1-6918 and t h e  cu r r en t  r e s e a r c h  have developed 
da t a  app ropr i a t e  f o r  pre l iminary  des ign  of r egene ra t ive  C02 remova 1 
systems. Est imates  have been made f o r  a  t y p i c a l  f  our-man space s h u t t l e  
mission using da t a  obta ined  i n  t h e s e  t e s t s  employing convent iona 1 purge 
a s s i s t e d  and PED modes of vacuum desorp t ion .  The r e s u l t s  a r e  presented 
i n  Table 15. 
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ssumes \four-man crew, cab in  p re s su re  10 p s i a ,  C02 p a r t i a l  * I '  *- --'-_ 
p r e s s u r e  4 mm Hg, cab in  tempera ture  75"F, C02  g e n e r a t i o n  
r a t e  of  2.25 lbslman-day. . 
* PED c y l i n d e r  volume requi rements  a r e  0 .93  and 0.47 f t 3  f o r  
the 40 and 10 min c y c l e s ,  r e s p e c t i v e l y .  
rEie calcr i la teai  bed s i z a ,  air f l i : ~  and cvcie rirt,cr: I - e q u l r  e- 
ments f o r  ~ W O  s p e c f f f e d  l e v e l s  of a f r  loss 8-13 
0.44 l b  a i r  
and  -- a r e  p r e s e n t e d  i n  T a b l e  15. PED l b  of C02 
d e s o r p t i o n  i s  s e e n  t o  g i v e  h i g h e r  c a p a c i t y  t h a n  vacuum d e s o r p t i o n ,  
p a r t i c u l a r l y  a t  t h e  h i g h e r  a i r  l o s s  l e v e l .  A t  a  PED purge d e s o r p t i o n  
l b  of a i r  
a i r  l o s s  of 1 .0  , which c o r r e s p o n d s  t o  a n  a i r  l o s s  r a t e  of day-man 
' 44  lb air ,  o n l y  7 . 5  l b s  of 5A Molecu la r  S i e v e l b e d  and 11 SCFM of d r y  
l b  CO., 
L 
f e e d  a i r  a r e  r e q u i r e d  t o  remove t h e  C02 exha l e d  by f o u r  men. These 
s y s t e m  s i z e  e s t i m a t e s  a r e  based on a  C02 f e e d  p a r t i a l  p r e s s u r e  of 
4 mm Hg. Opera t ion  a t  h i g h e r  c a b i n  C02 l e v e l s  would reduce  t h e  s o r b e n t  
we igh t  and a i r  f low r e q u i r e m e n t s  f u r t h e r .  If  h i g h e r  a i r  l o s s  r a t e s  
could  be t o l e r a t e d ,  i t  would be p o s s i b l e  t o  d e c r e a s e  t h e  sys tem c y c l e  
t ime and s u b s t a n t i a l l y  f u r t h e r  r e d u c e  bed s i z e  and a i r  f low r e q u i r e -  
ments .  T h i s  would amount t o  a  t r a d e - o f f  i n  bed weigh t  v s  . t h e  weight 
i n  a d d i t i o n a l  s t o r e d  02 and N2. A c t u a l  sys tem requ i rements  would 
depend on t h e  c o n s t r a i n t s  of a  p a r t i c u l a r  s p a c e  s h u t t l e  miss ion and 
on t h e  i n t e g r a t i o n  d e s i g n  of t h e  CO2 and humid i ty - tempera tu re  c o n t r o l  
sys tems .  
A r e g e n e r a t i v e  C02 removal s y s t e m ,  u t i l i z i n g  5 A  Molecular  S i e v e  
a s  t h e  s o r b e n t ,  must have a  p r e d r i e r  s i n c e  5A Molecu la r  S i e v e  s t r o n g l y  
adsorbes  w a t e r ,  t h e r e b y  r e d u c i n g  t h e  c a p a c i t y  f o r  C02. Thus, t h e  e f f i c i e n c y  
of t h e  d r i e r ,  a s  w e l l  a s  t h e  manner i n  which i t  i s  coupled t o  t h e  C02 re- 
moval sys tem w i l l  b e  ve ry  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  performance and l i f e  
c h a r a c t e r i s t i c s  o f  t h e  C02 removal sys tem.  The i n t e g r a t i o n  o f  r e g e n e r a t i v e  
H20 and C02 removal sys tems  i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  
5 . 1 - 2  
I n  a  s p a c e  s h u t t l e ,  e l e c t r i c a l  power may be  s u p p l i e d  by f u e l  
c e l l s  w i t h  w a t e r  a  p roduc t  of t h e  c e l l  r e a c t i o n .  The a v a i l a b i l i t y  of 
t h i s  w a t e r  makes r e s p i r e d  and p e r s p i r e d  w a t e r  vapor expendable .  T h i s  
a tmospher ic  w a t e r  vapor  can  be  removed by condensa t ion  and subsequen t ly  
ven ted  t o  s p a c e  i n  a  s u b l i m a t o r .  However , th is  method would r e q u i r e  a 
l a r g e  amount of h e a t  t r a n s f e r  equipment f o r  some m i s s i o n s ,  and r a d i a t o r  
space  on a v e h i c l e  s p e c i f i c a l l y  des igned  f o r  maneuverable re -en t  r y  and 
t h u s  r a d i a t o r  s p a c e  would be a t  a  premium, 
FED purge desorpt iozr  p r o v i d e s  a convenient  condenser and 
e v a p o r a t o r  which can  be used t o  remove W20 from s p a c e c r a f t  a i r  
and c o n c e n t r a t e  i t  i n  a  purge  s t r e a m  v e n t i n g  t o  s p a c e .  F o r  i n s t a n c e ,  
a  s i l i c a  g e l  d e s i c c a n t  bed would be  a l t e r n a t e l y  c y c l e d  between c a b i n  
p r e s s u r e  and s p a c e  vacuum. Desorp t ion  a t  space  vacuum would r e q u i r e  a n  
excrerncaly smai; t plirEc- sr rec?:ri L O  eflect~ e l y  s L r i p  ~ i ~ c  N?i: f rain i 'iic 
d e s i c c a n t ,  Li r i r l l l  w i a r  p(11gp i iocic,  ~triist 'be i c e r l  r ?  n r l n l r i i i f e  air loif5 
~ d d i t r o n a  l 1-170 - w o i i  l d  ne c-\rdpo.cai ed i irco c%ie s p a c e c r a f :  at inuap:kL re 
t o  rila i i itairn t h e  d e s i r e d  c o n c e n t r a t r o n ,  To t h e  e x t e n t  t h a t  Chrs i iurnidi-  
f  % c a t  i o n  i s  c a r r i e d  o u t  a d i a b a t i c a l l y ,  it  would reduce  t h e  t empera tu re  
of t h e  t r e a t e d  a i r ,  Thus t h e  n e t  r e s u l t  of such a  p r o c e s s  would be t h e  
removal of bo th  l a t e n t  and s e n s i b l e  h e a t  and t h e  c o n t r o l  of a tmospher ic  
humid i ty ,  i . e . ,  of t h e  s p a c e c r a f t .  
P r o c e s s  f l o w s h e e t s  i l l u s t r a t i n g  t h e  o p e r a t i o n  of t h e s e  t y p e  
sys tems  a r e  shown i n  F i g u r e  16 .  
C l e a r l y ,  t h e  r e a l i z a t i o n  of e f f e c t i v e  d e s o r p t i o n  w i t h  t o l e r a b l e  
a i r  l o s s  i s  mandatory t o  e s t a b l i s h  t h e  p r a c t i c a l  f e a s i b i l i t y  of u t i l i z i n g  
a  h e a t l e s s  a i r  c o n d i t i o n i n g  system i n  a  space  s h u t t l e .  Th i s  can be  
a p p r e c i a t e d  when i t  is r e a l i z e d  t h a t  t h e  removal of 2 . 0  l b s / h r  of H20 
f rom t h e  s p a c e c r a f t  ( t h e  e q u i v a l e n t  of t h e  t o t a l  average  h o u r l y  h e a t  
produced by f o u r  a s t r o n a u t s )  would r e s u l t  i n  t h e  l o s s  of n e a r l y  0.5 l b s  
of a i r l d a y  i f  t h e  a i r  l o s s  r a t e  was o n l y  . O 1  l b s  of a i r / l b  of H2O. Such 
a i r  l o s s  r a t e s  have o n l y  been r e a l i z e d  i n  t h e  C02 exper iments  u s i n g  v e r y  
l o n g  c y c l e  t i m e s  and  i n  PED o p e r a t i o n .  However, by f a r  t h e  b u l k  of t h e  
a i r  l o s t  i n  t h e  C 0 2  removal exper iments  a r i s e s  f rom t h e  s u r f a c e  of t h e  
5 A  Molecular Sieve which a p p r e c i a b l y  co-adsorb t h e  a i r  d u r i n g  C02 
a d s o r p t i o n .  Such marked a i r  d e s o r p t i o n  i s  n o t  t o  be expected from 
s i l i c a  g e l ,  
P r e l i m i n a r y  p r o c e s s  f low c a l c u l a t i o n s  have been made f o r  a  
four-man crew w i t h  a c a b i n  p r e s s u r e  of 10 p s i a  and a n  a i r  dew p o i n t  of 
55°F.  A i r  f low,  w a t e r  removal and w a t e r  make up requ i rements  f o r  t h e  
removal of 500 and 800 B T U / ~ ~ - m a n  r e s p e c t i v e l y  a r e  p r e s e n t e d  i n  Tab le  1 6 ,  
The e q u i v a l e n t  H20 g e n e r a t i o n  r e p r e s e n t s  t h e  t o t a l  4-man crew 
p e r s p i r a t i o n  r a t e  a t  t h e  g i v e n  c a b i n  t e m p e r a t u r e ,  Make-up w a t e r  i s  t h a t  
amount r e q u i r e d  i f  bo th  s e n s i b l e  and l a t e n t  h e a t  l o a d s  a r e  removed by 
means of t h e  Heat l e s s  A i r  C o n d i t i o n e r  sys tem,  i . e .  t h e  a d d i t i o n a  1 w a t e r  
t h a t  would have t o  be  s u p p l i e d  by t h e  a d i a b a t i c  h u m i d i f i e r  t o  account  
f o r  t h e  s e n s i b l e  h e a t  l o a d .  
The s i l i c a - g e l  bed  s o r b e n t  requ i rements  were e s t i m a t e d  u s i n g  
t h e  des ign  e q u a t i o n  developed on C o n t r a c t  NAS 1-6918, The bed s i z e s  
were  found t o  b e  q u i t e  r e a s o n a b l e .  T h i s  s i z i n g  was based  on a des ign  
t h a t  would d ry  t h e  a i r  t o  a dew p o i n t  o f  -60°F. T h i s  l e v e l  h a s  been 
found t o  r e s u l t  i n  a  r e a s o n a b l e  5 A  Molecu la r  S i e v e  po i son ing  r a t e  f o r  
a 45 day a p p l i c a t i o n ,  ( r e f .  ( I )  ) . 
~ o t h  gas  f low and e s t i m a t e d  bed weight  requ i rements  appear  
3 t o  be  r e a s o n a b l e  f o r  a  four-man s h u t t l e  c a b i n  having 500 f t ,  
Though a  s i z a b l e  p o r t i o n  of t h e  d r i e d  a i r  would have t o  be cooled and 
humid i f i ed  i n  t h e  a d i a b a t i c  h u m i d i f i e r ,  enough d r y  a i r  could s t i l l  be 
made a v a i l a b l e  t o  meet t h e  a i r  f eed  requ i rements  of a  r a p i d  c y c l i n g  
C@ removal u n i t ,  o p e r a t i n g  w i t h  t h e  PED h e a t l e s s  a i r  c o n d i t i o n i n g  
sys tem.  However, it  may be more d e s i r a b l e  t o  have two independent 
d r y i n g  u n i t s :  one s o l e l y  f o r  a i r  c o n d i t i o n i n g  and one t o  p re -dry  t h e  
a i r  et-iterirlg a m o l e c u l a r  sieve C 0 2  removal s-y-stet~t, These quesLiorls 
w i l l  b e  d i s c u s s e d  rtlo*e f u i  i y  i t r  ~ i l e  s e c i i o a  d6.a l i i i g  M L L ~ I  bj)ij;eili 
i x~ teg ra t ioou .  
HEATLESS A IR  CONDITIONING SVSTERAS 
SYSTEM I REMOVES WATER AND LATENT HEAT 
S Y S T E M  II REMOVES WATER, LATENT AND SENSIBLE HEAT 
DRY AIR TO CABIN 
OR C 0 2  UNIT 
IA Y
DRY AIR TO CABIN 
J H 2 0  FEED 
COOL AIR TO CABIN 
ADS. 
HUM 
A i  
DES. 
J 
PURGE CONCENTRATED WATER 
FOUR WAY EFFLUENT TO SPACE VACUUM 
HUMID CABIN VALVE 
AIR FEED 
- --.- 
-&ke- qy .--- .-. Estimazed 
--. . Minimum 
~qiiiVaEZE'4-6h ~2 0 ~ e q u i r z  S o r b e n t  - ~ e ~ u i r e d  Humidifier Gas Temperature 
Heat Load H20  ene era ti on T5if-e~ -- Requirements Gas Feed Rate Required Gas Feed Rate Leaving Humidifier 
BTU/ H r  -Man lbs/Elr *_- l b s / ~ e d  -- SCFM f o r  H70 Malce-up SCFM (WBT) OF 
Cabin 
Temp. O F  
65°F 380 Latent 
420 Sensible  
I 590 Latent  
' '210 Sensible  
- 
800 
80 Latent  
420 Sensible  
7 
500 
150 Latent  
350 Sensible  
- 
500 
I 
'290 Latent  
210 Sensible  
- 
500 
I 
(1) Based ion a cabin  pressure  of  10 p s i a  and a cabin  dew point  of 5 5 ' ~ .  
(2) ~ n s u f f i c i e n t  dry a i r  from t h e  HA u n i t  is  a v a i l a b l e  t o  supp1,y r'he humidif ier  requirement. A smal l  
amount of cabin  a i r  would have t o  be added, thus  r e s u l t i n g  i n  a somewhat h ighar  temperature of t h e  
5 . 1 . 3  Combined Humidity - Temperature and Carbon 
Dioxide Control  Systems Using Heat less  Desorption 
There a r e  s e v e r a l  ways i n  which Heat less  Desorption drying and 
C02 removal can be  coupled t o g e t h e r .  One has  a l r eady  been d iscussed  i n  
Sec t ion  2.2 and Figure 3 of t h i s  r e p o r t .  Other p o s s i b l e  methods a r e  given 
i n  F igures  1 7 ,  18, and 19. Each system has some inhe ren t  advantages and 
l i m i t a t i o n s .  
I n  Figure 1 7 ,  a  four-bed system i s  descr ibed  i n  which t h e  desorba te  
from a  C02 Hea t l e s s  Desorption u n i t ,  using PED deso rp t ion ,  is  a l s o  used t o  
purge t h e  desorp t ion  bed i n  t h e  drying u n i t .  This approach has t h e  advantage 
of a f f e c t i n g  very low a i r  l o s s e s  s i n c e  one PED desorba te  is  used t o  purge 
bo th  C02 and H20 u n i t s .  However, i n  t h i s  system t h e  desorp t ion  p re s su re  i n  
t he  C02 u n i t  w i l l  b e  h i g h e r  than  i t  would i f  i t  were vented d i r e c t l y  t o  
space  vacuum. The added back p re s su re  would r e s u l t  i n  a  lower purge volume 
t o  a s s i s t  C02 deso rp t ionwhich  could reduce t h e  capac i ty  of t he  CO2 u n i t .  
The f o u r  bed p a r a l l e l  deso rp t ion  process ,  dep lc t ed  i n  F i g u r e l a ,  
u ses  i n d i v i d u a l ,  independent  PED purge s t reams t o  desorb  H20 and C02, 
r e s p e c t i v e l y .  I n  t h i s  system, minimum deso rp t ion  p r e s s u r e  i s  r e a l i z e d  i n  
both u n i t s  a s  t h e  purge i s  vented d i r e c t l y  t o  space .  T h i s  r e s u l t s  i n  
maximum purge gas volume f o r  deso rp t ion  and h i g h e r  bed capac i ty .  On t h e  
o t h e r  hand, a  much h i g h e r  a i r  l o s s  could be r e a l i z e d  i n  t h a t  two inde- 
pendent gas s t reams a r e  r equ i r ed  f o r  purging. The same g e n e r a l i z a t i o n s  
can be  made about  each process  whether one, o r  bo th ,  use  PED purge, o r  
convent iona l  purge a s s i s t e d  vacuum deso rp t ion .  The same i s  a l s o  t r u e  
whether  o r  n o t  t h e  Hz0 H e a t l e s s  ~ e s o r ~ t i o n  , u n i t s  a r e  s i z e d  f o r  a i r  condi-  
t i o n i n g  and pre-drying of t he  feed t o t h e  C02 u n i t ,  o r  j u s t  f o r  pre-2---'- 
L? -..g 
a lone .  (A Hz0 removal H e a t l e s s  ~ e s o r ~ t i o n  u i t  designed j u s t  f o r  d ry ing  ) 
t h e  a i r  feed t o  t he  C02 removal molecular s i e v e  beds would be much s m a l l e r  
and would n o t  r e q u i r e  an  a d i a b a t i c  humid i f i e r . )  
~ ~ t h  fou r  bed systems do, however, have one common advantage 
over  a  two bed composite type  design shown i n  Figure 19 - they permit  
i n d i v i d u a l  op t imiza t ion  of bed s i z e s  and cycle  t i m e s  f o r  both H20 and 
co2 con t ro l  systems. This  could r e s u l t  i n  lower bed weights  and Power 
consumption. On t h e  o t h e r  hand, t h e  two bed system e l imina te s  consid- 
erable  hardware and r e s u l t s  i n  a  much more compact and simple integrated 
u n i t .  
A two bed composite Heat less  Desorption u n i t ,  t h a t  was designed 
f o r  complete humidity-temperature condi t ion ing ,  would i n c u r  a l a r g e  a i r  
p r e s s u r e  drop through t h e  molecular  s i e v e  s e c t i o n  s i n c e  t h e  t o t a l  a i r  
flow requirements f o r  H20 removal would f a r  exceed C02 bed requirements .  
The a c t u a l  mode of system i n t e g r a t i o n  would depend, on t h e  c o n s t r a i n t s  
of a given space s h u t t l e  miss ion .  
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Figure 18 
COMBINED HEATLESS AIR CONDITIONING 
AND CARBON DIOXIDE CONTROL SYSTEMS 
4 BEDS - PARALLEL DESORPTION 
CONCENTRATE 
DRY C 0 2  LEAN AIR TO 
HUMID, C 0 2  RICH CABIN AIR FEED 
CABIN 
Figure 19 
COMBINED HEATLESS AIR CONDITIONING 
AND CARBON DIOXIDE CONTROL SYSTEMS 
2 BEDS - COMPOSITE DESIGN 
ADIABATIC . 
- HUMIDIFIER COOL, C 0 2  LEA 
AIR TO CABIN 
L 
7 
VA LVE 
Y 
ADS. DES. 
C02 
UNlT 
C02  
UNlT 
H2° PED 
UNlT 
2O 
CYLINDER UNIT 
I 
1 r 
1 L 
C 0 2  + H 2 0  PURGE 
7 
CONCENTRATE TO SPACE 
VA LVE 
HUMID, cog-, '' 
RICH CABIN AIR 
FEED 
5 - 2  A u x i l i a r y  Drying System f o r  Skylab Type System 
Skylab i s  t h e  Uni ted S t a t e s '  f i r s t  e x p e r i m e n t a l  s p a c e  s t a t i o n  
and i s  planned f o r  l aunch ing  i n  1972. The AiResearch Manufactur ing Co. 
i n  Los Angeles is  p r e s e n t l y  deve lop ing  t h e  C02 removal sys tem f o r  Skylab.  
T h i s  sys tem u t i l i z e s  a composite b e d  o f  s i l i c a  g e l  and molecu la r  s i e v e  
t o  remove b o t h  w a t e r  and C02 by vacuum d e s o r p t i o n .  I n  o r d e r  t o  reduce  
C02 below t h e  o r i g i n a l  d e s i g n  goal ,  p r o c e s s  gas  f low was i n c r e a s e d ,  which 
t h e n  r e s u l t e d  i n  t o o  much w a t e r  b e i n g  l o s t  t o  s p a c e .  A m o d i f i c a t i o n  o f  t h e  
s y s t e m  would b e  r e q u i r e d  t o  s a v e  a  p o r t i o n  o f  t h e  w a t e r  i n  t h e  p r o c e s s  a i r .  
One m o d i f i c a t i o n  might b e  a  condenser  s u b l i m a t o r  p l a c e d  downstream o f  t h e  
C02 removal sys tem.  An a l t e r n a t e  method would u t i l i z e  a H e a t l e s s  Desorp t ion  
d r y i n g  u n i t  as d e p i c t e d  i n  F i g u r e  20 .  
In  t h i s  mode o f  o p e r a t i o n ,  s p a c e c r a f t  a i r  cou ld  b e  f i r s t  d r i e d  i n  
a  H e a t l e s s  Desorp t ion  sys tem and t h e n  s e n t  t o  t h e  Skylab system.  The C02- 
f r e e  a i r  would b e  r e h u m i d i f i e d  d u r i n g  t h e  d e s o r p t i o n  o f  t h e  H e a t l e s s  Desorp- 
t i o n  sys tem.  Opera t ing  i n  t h i s  manner, t h e  H e a t l e s s  Desorp t ion  d r y i n g  u n i t  
would r e t u r n  H20 t o  t h e  s p a c e c r a f t  c a b i n  a i r  t o  m a i n t a i n  c a b i n  humid i ty  and 
H20 l o s s  a t  an a c c e p t a b l e  l e v e l .  Also ,  i t  would a f f o r d  added p r o t e c t i o n  
t o  t h e  Molecular  S i e v e  C02 removal s y s t e m  b y  p re -dry ing  t h e  p r o c e s s  a i r .  
E s t i m a t e s  have been  made o f  t h e  a d d i t i o n a l  s o r b e n t  w e i g h t  and 
power r e q u i r e d  f o r  t h i s  H e a t l e s s  Desorp t ion  d r y i n g  system.  The r e s u l t s  
a r e  summarized i n  Tab le  1 7 .  
Tab le  1 7  
S o r b e n t  and Power Requirements f o r  A u x i l i a r y  
H e a t l e s s  Desorp t ion  System Appl icab le  t o  Skylab 
kssurning P r o c e s s  a i r  f low a t  15 Ibs/hr a t  d r y  bu lb  rernp, 
o f  72°F and a  dew p o i n t  of 42°F; c a b i n  p r e s s u r e  of 5 p s i ;  
and a i r  t o  be  d r i e d  t o  a minimum of a 1 0 ° F  dew p o i n t ,  
"Assuming 2x t h e o r e t i c a l  a d i a b a t i c  compression power, 
The above is  an example of H e a t l e s s  Desorp t ion  a s  i t  might  b e  
a p p l i e d  t o  Skylab.  The m i s s i o n  c o n s t r a i n t s  a p p l i e d  h e r e  a r e  ve ry  g e n e r a l  
and a r e  used on ly  t o  develop t h e  s p e c i f i c  a p p l i c a t i o n  example,  
- - - - -- - - - - 
- - -  - -  
- - 
Figure 20 
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7. Appendix 
Appendix 7 .I 
I n  t h e  Hea t l e s s  Desorpt ion process  t h e  use of a  vo lumetr ic  
purge t o  f eed  r a t i o  of a t  l e a s t  1:l i s  necessary  t o  i n s u r e  t h a t  t h e  
deso rp t ion  r a t e  (average) i s  equal  t o  t h e  adsorp t ion  r a t e  (average) 
wi thout  adding h e a t .  Consider t h e  s i t u a t i o n  shown i n  t h e  diagram 
below (Figure  A l - 1 )  . 
Figure A % - 1  
Product 
Feed 
Adsorption 
Purge Ef f l~ ren t  
B e s o r ~ t i o n  
L i s t  of Symbols 
- p a r t i a l  pressure  i n  purge e f f l u e n t  and feed r e s p e c t i v e l y  
t o t a l  desorpt ion  and t o t a l  adsorption pressure  
r e  spec t i v e l y  
a c t u a l  volumes of purge and feed respec t ive ly  
Np, Nf - moles of purge and moles of feed respec t ive ly  
R - gas cons tant  
t 
T - absolute gas temperatures 
During adsorp t ion ,  t h e  f r o n t  end of t he  bed equilrFbrates n t h  the 
adsorba te  at i t s  p a r t i a l  p r e s s u r e ,  P f ,  The product gas of the  adsorbing 
bed leaves  much Less concent ra ted  i n  t h e  adsorbable component. A po r t ion  
of t h e  adsorba te  on t h i s  succeeding deso rp t ion  cyc le  w i l l  be  t r a n s f e r r e d  
from the  bed t o  t he  gas s t ream.  The p a r t i a l  p re s su re  of the  adsorba te  i n  
t h e  purge e f f l u e n t ,  P w i l l  t end  t o  r e - e q u i l i b r a t e  wi th  the  back end of 
P ' t h e  bed ( f r o n t  end of bed on adso rp t ion ) .  It would r e q u i r e  a  very l a r g e  
s a t u r a t i o n  zone t o  i n s u r e  e q u i l i b r a t i o n  w i t h  t h e  same volume flow of 
purge gas on desorp t ion  a s  was processed on adsorp t ion .  However, i t  can 
be assumed t h a t  some f i n i t e  l eng th  of bed e x i s t s  so  t h a t :  
Provid ing  breakthrough does n o t  occur ,  and assuming the behavior  
of t h e  gaseous components can be r ep re sen ted  by the  i d e a l  gas law, an expres-  
s i o n  can  be w r i t t e n  which g ives  t he  t o t a l  amount of  adso rba t e  removed per  
u n i t  c y c l e  : 
PfVf . Moles Adsorbed - 
- 
Cyc l e  RT 
S i m i l a r l y ,  t h e  amount of adsorba te  desorbed by the  purge i s  given by: 
Moles Desorbed - 
Cycle 
At: s t eady  s t a t e ,  the moles 3arnrbpG m n v  n - y r r l n  - . - r L  - - . - - 7  -1- C - -  -J-r- ~.'U-L C ~ U ~ L  Ll l r  1 1 1 ~ l e s  ciesoz-beci 
per c y c l e  o r :  
Therefore ,  i f  adso rp t ion  and deso rp t ion  temperatures  a r e  the same, 
V~ 
= Vf and the  r equ i r ed  purge t o  feed  r a t i o , d e f i n e d  a s  V :V will equal  1:1, 
P f '  
The use of a  1:l purge t o  feed  r a t i o  i s ,  however, a l i m i t i n g  case 
s i n c e  temperature i n  t h e  adsorbing and desorbing bed are n o t  q u i t e  equal .  
I f  a purge t o  feed r a t i o  g r e a t e r  than 1 :1 i s  used ( i  . e .  , Vp> vf) than  P 
can b e  l e s s  than  Pf and s t i l l  have PpVp PfVf . This  means t h a t  a t  P 
---.^ -=- = ---- 
RT RT 
purge t o  feed  r a t i o s  g r e a t e r  than 1:l r e s a t u r a t l o n  of t h e  purge i s  no t  
r equ i r ed  i n  o r d e r  t o  achieve equi l ibr ium between adsorp t ion  and deso rp t ion ,  
%us, a smaller saturatt~vn Lone can be ro le ra ted  and practical b e d  sizes 
can be u s e d ,  
Appendix 7 , 2  
Reasons For Report ing Moisture Content 
of Dried Gas I n  PPM 
The amount of moisture remaining i n  t he  "dry" e f f l u e n t  from the  
des i ccan t  beds can be expressed i n  s e v e r a l  d i f f e r e n t  ways. Throughout most 
of t h i s  r e p o r t ,  mois ture  con ten t  has  beed expressed i n  terms of PPM ( P a r t s  
Per M i l l i o n ) .  This  i s  def ined  by equa t ion  (1 ) :  
- 
PPM H20 i n  gas - = 'atrn) x  lo6  (1)  
PH20 = p a r t i a l  p re s su re  H 0  i n  gas  2 
'a t m  = atmospheric p re s su re  
To compute the  p a r t i a l  p re s su re  of wa te r  remaining i n  t he  e f f l u e n t  from t h e  
d ry ing  beds, one then  simply m u l t i p l i e s :  
It i s  t h i s  p a r t i a l  p re s su re  t h a t  determines the  amount of mois ture  
c a r r i e d  i n t o  the  molecular  s i e v e  beds, s i n c e :  
Moles H O / H r  ( i n t o  molecular  s i e v e  beds) 2 
k = p r o p o r t i o n a l i t y  c o n s t a n t  (L f o r  i d e a l  gas)  
RT 
v~ = a c t u a l  vo lumetr ic  flow r a t e  ( e .g . ,  CFH) a s  o p e r a t i n g  p re s su re  P 
P  = a c t u a l  ope ra t ing  system p res su re  
By rearrangement : 
Moles ~ ~ 0 / H r  ( i n t o  molecular  s i e v e  bed) 
= ~"(PPM) (V ) 
P ( 5  
where  k '  = k (Pat,) ( l o 6 )  
Equation (5) shows t h a t  t he  amount of mois ture  pass ing  i n t o  the  
z e o l i t e  beds depends only  on the PPM of H z 0  i n  the  gas and the  actual gas 
flow r a t e  a t  ope ra t ing  p re s su re .  It does n o t  depend on the  a c t u a l  ope ra t ing  
pressure .  Therefore,  the  f a c t  t h a t  the experiments  r epo r t ed  here  were a l l  
conducted a t  a  t o t a l  p re s su re  of about  11 p s i a  i s  n o t  important  and the  
r e s u l t s  ob ta ined  can be t r a n s l a t e d  d i r e c t l y  t o  o t h e r  systems o p e r a t i n g  a t  
d i f f e r e n t  t o t a l  p re s su re s  provided t h a t :  
(1) Actual  gas  flow r a t e s  through the  system i n  cubic  f e e t  per  
pound of bed a r e  maintained c o n s t a n t .  
(2) I n l e t  dew p o i n t s  a r e  the same ( i . e . ,  H 0 p a r t i a l  p r e s s u r e s  
a r e  equa l )  2 
(3)  Bed l e n g t h ,  purge t o  feed r a t i o s  and adsorbent  a r e  the same. 
Appendix 7 , 3  
Sample Ca lcu la t ion  For CO So rp t ion  Experiments 2 
Data 
-
Feed r a t e  t o  adsorb ing  bed: 30.5 SCFH 
Bed weight :  0.4 l b s .  
Half cyc l e  t ime: 20 min. 
Desorbate wet t e s t  meter  reading:  0.1838 CF a t  71°F i n  20 min. 
0 2 4 6 8 10  1 2  1 4  1 6  18  20 
TIME - Minutes 
(1) The fraction of C01 adsorbed froin t he  feed i s  c a l c u l a t e d  by grap i i ica l  
i n t e g r a t i o n .  The v a l u e s  of C o p  p a r t i a l  p r e s su re  ( p s i )  i n  Table A6-I  were 
obta ined  by conve r t i ng  C 0 2  ana lyze r  s c a l e  r ead ings  w i t h  a  c a l i b r a t i o n  curve 
provided by the manufacturer .  
Table  A 4 - k  
Median 
Segment (?, of S c a l e )  P s i  Seg. Width P s i  x Seg. Width 
T o t a l s  20.3 1.7785 
Average p roduc t  CO c o n c e n t r a t i o n  i n  p s i a  i s  g i v e n  by 2 
- 
- 
-. s e g .  w i d t h  = .OF76 p s i a  20.3  
L 
V o l . F r a c t i o n  GO removed = Feed conc.  - Prod, conc.  - 2 Feed conc 
(2) Volume of Desorbate = f t'" 
X 
460 -I- 32 
cyc le  460 -I- 7 1  f t 3  
(3)  Vol. CO i n  Desorbate (hour ly  r a t e )  2 
= Vol. Feed Rate (SCFH) x Vol. F r a c t i o n  CO i n  Feed x Vol F rac t ion  
CO Removed 2 2 
198 PC02 
= 30.5 SCFH x 14.7 -Patm x .5576 = .2291 SCFH 1 
( 4 )  Vol. F r a c t i o n  CO i n  Desorbate 2 
= Vol. C07 i n  Desorbate = .2291 SCFH = 
T o t a l  Desorbate Vol .5576 SCFH , 1 ,4492 1 
Vol. F r a c t i o n  A i r  i n  Desorbate 
= 1.0  - Vol. F r a c t i o n  CO i n  Desorbate 2 
( 5 )  SCF A i r  Lost  = .5598 = 
SCF CO Removed 2 .4492 
(6 )  Lbs A i r  Lost  = 28.97 Lbs, A i r / ~ b  Mole 
Lb CO:, Removed 44.0 Lbs, C03/Lb Mole 
Lbs A i r  Lost 
(7 )  C02 Capaci ty (Lb c o 2 / H r / ~ b  Bed) 
= .2291 SCF C02 Removed L1) Moles x 44 Lbs C02 x 
- 
1 
H r  359 S CF .4 Lb Eed 
- 67 - 
A ~ e n d i x  7 + 4  
SPACE SHUTTLE DESIGN CRITERIA 
s Crew 2-4 men f o r  7-30 days  
8-50 men f o r  2-7 days  
(2.25 l b s  . c02/man-day) 
e T o t a l  c a b i n  p r e s s u r e  7-10 p s i  b u t  we shou ld  a l s o  c o n s i d e r  5-14.7 p s i a .  
o Oxygen p a r t i a l  p r e s s u r e  - 3.1 p s i a  f o r  a l l  t o t a l  p r e s s u r e s .  
o Allowable  C 0 2  c o n c e n t r a t i o n  i n  c a b i n  5 mm w i t h  peaks  t o  8  mm. 
e Cabin  a i r  l eakage  3.5 1b$/day.  
3  Cabin volume 500 f t  ( f o r  2-4 men) 
o Heat l o a d s  - Average 
a t  70°F 150  B T U / ~ ~ - m a n  L a t e n t  
350 B T U / ~ ~ - m a n  S e n s i b l e  
500 B T U / ~ ~ - m a n  T o t a l  
a t  65OF 8 0  BTlJ/hr-man L a t e n t  
423 ~ ~ ~ / h x - - r n s n  S e n s i b l e  
500 BTlJ/hr-man 
a t  80°F 210 BTu/hr-man S e n s i b l e  
290 B T U / ~ ~ - m a n  L a t e n t  
500 B T U / ~ ~ - m a n  T o t a l  
e Heat l o a d s  - Peak 
a t  65°F 380 B T U / ~ ~ - m a n  L a t e n t  
420 BTu/hr-man S e n s i b l e  
800  B T U / ~ ~ - m a n  T o t a l  
a t  80°F 590 BTu/hr-man L a t e n t  
210 BTu/hr-man S e n s i b l e  
800 BTU/hr-man T o t a l  
Q F u e l  c e l l  w a s t e  h e a t  - 4000 BTu/hr 
a t  125 - 150°F r e j e c t i o n  t empera tu re  
Appendix 7 . 5  
Summary o f  P r o c e s s  Condi t ions  f o r  
Heatless Desorp t ion  GO2 Runs 
-.*-d-.?- 
Date 
Davidson 13 
Other  Process  
Condi t ions  , 
Comments e t c .  
p r e s s u r e  7.5mm Hg 
New P r e c i s i o n  (vacuum 
pump l e a k )  
S c i e n t i f i c  - High 
Vacuum Pump I n s t a l l e d  
I 
Appendix _ 7 5 1 (continued) 
Surmnaryof Process Conditions for 
~ Z Z t l e s s  Desorotion C02 Runs 
Conditions, 
I 
Appendix ' f - 5  , (continued) 
lunrmary of Process Conditions for 
- --- - - - 
Heatless Desorption m2 Runs 
Appendix 7.5 (cont inued)  
Summary of Process  Condit ions f o r  
Heat less  D e s o r ~ t i o n  COP Runs 
Condi t ions ,  
Comments e t c .  
y l i n d e r  1 min 
Adsorption p r e s s u r e  
Adsorption p r e s s u r e  
APPENDIX 7.6 
RESULTS OF HEATLESS DESORPTION 
CARBON DIOXIDE EXPERIMENTS 
Nomenclature 
Symbol Descr ip t ion  Units  
F To ta l  Volumetric Feed Rate t o  System S CFH 
P P a r t i a l  Pressure  of Carbon Dioxide i n  Feed 
a t  atmospheric p re s su re  p s i a  
t P P a r t i a l  Pressure  of Carbon Dixoide i n  Feed 
adsorp t ion  p re s su re  p s i a  
p e t  P a r t i a l  Pressure  of Carbon Dioxide i n  Product 
a t  adsorp t ion  p re s su re  p s i a  
T Temperature of Process  Equipment OF 
V Volume F rac t ion  of Carbon Dioxide i n  Feed 
'r Volume F rac t ion  of Carbon Dioxide 
Removed from Feed 
v c  
Volume of Carbon Dioxide I n  Desorbate 
V Volume of Purge Desorbate 
V d  Volume F rac t ion  of Carbon Dioxide i n  
Des orb a t e  
dimensionless 
dimensionless 
SCFH 
S CFH 
dimensionless 
Vad Volume F rac t ion  of Air i n  Desorbate dimens i o n l e s s  
a Ratio of SCFH of a i r  Lost t o  SCFH C02 Removed dimensionless 
B Ratio of l b s .  of A i r  Lost t o  l b s .  of C02 
Removed dimensionless 
C System Carbon Dioxide Removal Capac-bty 
sv  Feed Space Veloci ty 
1 
hour- lb,  of bed 
C:FH 
Pb, of b e d  
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Appendix 7 . 7  
Run No. 
Performance of Hea t less  Desorption Drying Runs 
E f f l u e n t  H z t i  
Date Run Spece Veloc i ty  Concentration 
S t a r t e d  _ CFH/lb. of bed p / F  Cycle No. PPM 
Runs D-1 t h r u  D-7 were pre l iminary  runs t o  checkout 
system performance 
2160 
4 320 
10-7-69 System developed l eak  
10-9-69 159 1.15 720 
1440 
3600 
Appendix 7 , 7  
Performance o f  H e a t l e s s  Desorp t ion  Drying Runs 
E f f l u e n t  Hz0 
Date of Run Space V e l o c i t y  Concen t ra t ion  
Run No. S t a r t e d  CFH/lb o f  b e d  P / F  Cycle No. PPM 
D-18 11-25-69 2 8 1 .05  720 
1440 
50 40 
5 760 
D-19 System Leak - Run a b o r t e d  
D-20 12-23-69 2 8 1 .05  720 
5000 
7150 
9 300 
10,020 
11,000 
Runs D-21 and D-22 Aborted b e c a u s e  of equipment problems 
D-23 1-16- 70 48 1 . 0 3  7 20 
2880 
3600 
4320 
5040 
Two Zone Bed Runs 
~ 1 1  two Zone Bed Runs u s e  50 gms S i02  p l u s  a s p e c i f i e d  
charge  of molecu la r  s i e v e s  
D-24 1-26-70 48* 1 . 0 3  7 20 
Molecular  S i e v e s  Added - 25.0 gms 5A 2880 
3600 
4320 
10,020 
D-25 1- 30- 70 48* 1 . 0 3  1440 
Molecular  S ieves  Added - 1 2 . 5  gms 5A 2160 
2900 
6500 
72 20 
10,120 
16,560 
17,280 
D-26 2-24-70 Run Aborted because  o f  Hygrometer breakdown 
B-2 7 2-26-70 48 * 1 , 0 3  7 20 
Molecular  S ieves  Added - 1 2 . 5  gms 13 ,X  29 72 
2412 
5 312 
6 752 
1 0 ,  352 
11,070 
11,790 
* Space v e l o c i t y  based  on s i l i c a  g e l  charge  only  
Appendix 7 . 7  
Performance of H e a t l e s s  Desorp t ion  Drying Runs 
E f f l u e n t  Hz0 
Date of Run Concen t ra t ion  
Run No. S t a r t e d  C F H / ~ ~ .  o f  b e d  P/F Cycle No. PPM 
D-28 Run a b o r t e d  b e c a u s e  o f  pump f a i l u r e  
D- 29 4-21-70 48" 1 . 0  3 
Molecu la r  S i e v e  Added - 25 gms 13X 
Run a b o r t e d  because  of pump f a i l u r e  
5- 20- 70 48* 1 . 0 3  
Molecular  S i e v e  Added - 1 8  gms 13X 
* Space Velocity based on silica gel charge only 
